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The southwest continental shelf of Africa is characterized by a strong western 
boundary current with three interdependent components, namely the Agulhas 
Current, Agulhas Retroflection and Agulhas Return Current. This system plays a key 
role in setting oceanic conditions south of Africa. The Crossroad transect intersects 
both the Agulhas Current and Agulhas Return Current; a monitoring line established 
in 2013 to sample both the currents and determine inter-ocean fluxes, as well as the 
influence of the Agulhas Current on the Agulhas Bank shelf. The objective of the 
study was to examine both mesoscale and submesoscale features that influence the 
dynamic and variant nature of the Agulhas system. In this study we make use of Ship 
board Acoustic Doppler Current Profiler (SADCP), Conductivity Temperature and 
Depth (CTD), Thermosalinograph (TSG) and satellite Sea Surface Height data as 
main observations for analysis. The study also examines both the spatial and 
temporal characteristics of water properties across the Crossroad transect. The 
fundamental findings of the study include the abundance of both the mesoscale and 
submesoscale features observed in the Agulhas system, which are often overlooked. 
In addition, a noticeable variability in current measurements was observed, where 
velocity ranging from 2 to 2.5 m/s represented the Agulhas Current and 1.4 to 1.7 
m/s, Agulhas Return Current. The position of the Agulhas Current and Agulhas 
Return Current displayed variation from 2013 to 2015, with the Agulhas Return 
Current exhibiting a meandering pattern in 2014 along the transect. Furthermore, an 
intrusion of cool (8 to 13 °C), lower salinity  (34.8 to 35 psu) South Indian Central 
Water masses were also observed along the Agulhas Bank. The ability to combine 
altimetry and in situ data also contributed to the analysis of the results. Therefore, 
given the inherent advantage of satellite and in situ measurements, an overview of 
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1.1 An overview of salient features and dynamics of the
Greater Agulhas Current system
Research focus has been directed towards an oceanic system constituting of surface,
intermediate and deep ocean currents; the Atlantic Meridional Overturning Circulation
(AMOC) (McPhaden and Zhang, 2002; Kuhlbrodt et al., 2007; Cunningham et al.,
2007). The AMOC, according to Schiermeier (2007, 2013), stirs water from the top to
bottom of the ocean. The overarching aim of this process is to transport warm water
through the Atlantic towards the poles and cold water (salty enough to sink) flowing at
great depths towards the tropics with current strength varying greatly as depicted in
Figure 1.1.
Previous studies have shown that the AMOC has an important role in modulating
climate variability through the coupling of the ocean and atmosphere. The AMOC’s
impact is evident in the redistribution of heat, salt, freshwater, nutrients and one of
the natural and anthropogenic ocean sinks; carbon dioxide (CO2) (Schmittner et al.,
2007; Sabine et al., 2004). The formation of deep waters at high latitudes has also been
identified as an important contributor towards driving ocean circulation carrying large
concentrations of CO2 to great depths, sequestering it from the atmosphere (Schiermeier,
2013). Through their impact on the AMOC and deep upwelling, changes in the Southern
Ocean winds and buoyancy fluxes have the ability to regulate the ocean´s carbon storage
capacity (Watson et al., 2005; Toggweiler et al., 2006). The amount of energy involved
in the overall ocean circulation mechanism is substantial and quantified to about 2 000
trillion watts or 2 peta watts, which Schiermeier (2007) asserts to approximate 200 times




Figure 1.1: A simplified diagram of the AMOC representing surface and deep currents
encompassing all ocean basins. Surface flows are indicated by red pathways while
deep flows are indicated by blue pathways. Warm and saline waters flow northwards
in the Atlantic Ocean. Wind driven upwelling is observed in the Southern Ocean.
The modified diagram also indicates the Agulhas Current pathway. Adapted from
(Kuhlbrodt et al., 2007).
The world´s major ocean basins are comprised of strong, persistent currents along west-
ern boundaries, which contribute towards driving the ocean circulation (Imawaki et al.,
2013). Research documented by Imawaki et al., (2013) identified Western Boundary
Currents (WBC) as the Gulf Stream, Brazil Current, Agulhas Current, Kuroshio and
East Australian Current (EAC) with the foci being their role in basin scale circulation,
regional variability and their influence on both oceanic and atmospheric processes. One
of the most energetic systems across the globe is the Agulhas Current system, which
plays a role in the marine environment along with its resources and ecosystems. The
greater Agulhas Current system encompasses the following oceanographic features: The
Agulhas Current and its sources, Agulhas Retroflection, Agulhas leakage and Agulhas
Return Current as seen in Figure 1.2. Research based on the CMIP5 and EMIC ocean
model outputs has shown that the AMOC is likely to weaken by approximately 11 to
34% (Morris et al., 2017). The Agulhas Current system acts to balance the AMOC
through the Agulhas leakage as it feeds its upper limb through the exchange of water
masses from the Indian Ocean to the Atlantic Ocean (Beal et al., 2011). The variations
in the water mass exchange has been linked to the strength and position of the westerly
winds (Morris et al., 2017). Ocean analysis products and climate models have also shown
the intensifying and poleward shifting of the subtropical WBC including the Agulhas
Current due to long term global warming trends (Yang et al., 2016).
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1.2 The Agulhas Current and its sources
As a result of its complex dynamics, the Agulhas Current system with a mean trans-
port of approximately 70 to 72Sv (Sv= 106 m−3 s−1) (Bryden and Beal, 2001; Bryden
et al., 2005) has received much attention and is therefore the subject of an unprece-
dented international research effort (Bornmann and Lutjeharms, 2010). The Agulhas
Current, which is commonly known as the strongest WBC of the Southern Hemisphere
(Lutjeharms 2006; Bryden et al., 2005), flows along the east coast of the southern tip
of Africa and constitutes the western boundary of the wind driven, anticyclonic gyre of
the South Indian Ocean (Ruitjer et al., 1999). The current is distinctly characterized by
both northern (approx. 27◦ to 33◦S) and southern (approx. 33◦ to 36◦S) sections, which
equally have an influence on the ocean circulation around South Africa. The northern
part of the Agulhas Current has been documented as coherent, stable and well defined
due to the continental slope it flows on (Gründlingh, 1983; Bryden et al., 2005; Ruijter,
1999). Its variability is influenced by the occurrence of sporadically solitary meanders
known as Natal Pulses (named after region of origin) generated intermittently in the
region of the Natal Bight (Rouault and Penven, 2011).
Along the Port Elizabeth coast, the widening of the continental shelf defines the start
of the southern Agulhas Current, which flows along the shelf edge of the Agulhas Bank.
This region is one of the major nursery and spawning areas of different fish species
as seen also in Figure 1.2. The transition of the steepness of the slope influences the
behavior of the southern Agulhas Current. In this area the bathymetry increases the
instability of the southern Agulhas Current making it turbulent as it develops meanders
that flow downstream (Lutjeharms, 2006).
With regard to the primary sources of the Agulhas Current, three main locations are
identified: The South Equatorial Current (SEC) that effectively branches to the north
and south of the East Madagascar Current (EMC), the southward flow through the
Mozambique Channel (MZC) and the recirculation in the South West Indian Ocean
subgyre as seen in Figure 1.2 (Lutjeharms and Ansorge., 2001; Bryden et al., 2005;
Lutjeharms, 2006). As the SEC flows westwards towards the east coast of Africa, it
divides into two branches, at approximately 20◦S of Madagascar, forming the northern
and southern branches of the EMC. As it approaches Africa, it similarly bifurcates and
progresses poleward as the Mozambique Current. Instead of continuing as a coherent
current as expected, the flow is characterized rather by a train of large, deep reaching
anticyclonic eddies drifting southwards through the channel carrying a mean transport
of 17 Sv as documented by in situ (long term moorings) observations (de Ruijter et
al., 2004; Ridderinkhof et al., 2010). The EMC flows southward as an intense western
boundary current along the east coast of Madagascar (Lutjeharms et al., 1981). On
approaching the southern tip of Madagascar, the EMC forms part of the Subtropical
gyre system of the South Indian Ocean (Stramma and Lutjeharms, 1997). Here cyclonic
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Figure 1.2: Schematic showing the basic salient features of the Greater Agulhas Cur-
rent system: The East Madagascar Current (EMC), South Equatorial Current (SEC)
and Mozambique Channel (MC), represent the source regions upstream. The Agulhas
Current, Retroflection, Leakage, Agulhas Return Current and Subtropical Convergence
downstream. Expressed in km in the background is the bathymetric contours. Cur-
rents are indicated using arrows and mesoscale eddies are portrayed by arced shaped
features. Adapted from (Lutjeharms, 2006).
and anticyclonic eddies are generated as a result of the EMC Retroflection and propagate
towards the Agulhas Current (Lutjeharms et al., 1891).
One of the primary roles of the Agulhas Current is to transport ocean water and its biota
into the southern part of the southwest Indian Ocean thereby influencing the ocean´s dy-
namics and ecology (Lutjeharms and de Ruijter, 1996). The Agulhas Current generates
a coastal upwelling at the Agulhas Bank and carries a large body which influences the
distribution of pelagic species through advection (Lutjeharms, 2006). The Agulhas Cur-
rent, driven by the wind field over neighboring basins (You, 2007), also has a profound
influence on the weather and climate around South Africa (Lutjeharms, 2006). The
Agulhas Current air-sea interactions supports fluctuations of air-sea fluxes associated
with the Retroflection and Agulhas Return Current (Rouault, 2009).
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1.3 The Agulhas Current Retroflection
Subsequent to the separation of the Agulhas Current from the continental shelf is the
retroflection and leakage (Beal and Biastoch, 2010). As the Agulhas Current continues to
flow along the east coast of South Africa, it turns back on itself forming an anticyclonic
loop as seen in Figure 1.3 (Beal et al., 2011) with a diameter of about 300 to 400
km (Lutjeharms and van Ballegooyen, 1988). This anticyclonic loop is known as the
Agulhas Retroflection and potentially sheds rings, eddies and filaments of the Agulhas
Current water into the Atlantic at depths of more than 2000 m (Boebel et al., 2003;
Gordon et al., 1992). The geographical morphology of the African continent has an
influence on the trajectory of the Agulhas Current. The current progressively loops
back eastward to rejoin the Sverdrup gyre as it is governed by the large scale wind stress
curl (Beal and Biastoch, 2010). The retroflection also forms a western closure of the
South Indian Ocean. As a result of the dynamics and instability in this region, the
Agulhas Retroflection furthermore contributes to the transport of warm saline water
from the South Indian gyre into the South Atlantic through eddies and filaments via
the Agulhas leakage (Lutjeharms, 2006). The features that have been implicated in
generating disturbances in the Agulhas Current potentially affect the Indo-Atlantic inter-
ocean exchange south of Africa (Schouten et al., 2002).
1.4 The Agulhas Leakage
The Indian Ocean waters that are injected from the Agulhas Retroflection and continue
into the Atlantic Ocean where they are retained are altogether known as the Agulhas
leakage (Loveday, 2014). A number of oceanographic studies have documented an in-
creasing awareness of the influence of the Agulhas leakage as a key component in the
global climate system (Beal and Biastoch, 2010; Jury and Walker, 1988; Bornman and
Lutjeharms, 2010). Motivated by recent paleodata that suggests the Agulhas Current
has an influence on the AMOC, variations observed in the Agulhas leakage may have an
influence on the resumption of the AMOC and the rise in CO2 (Beal et al., 2011; Peeters
et al., 2004). Variations of the turbulent leakage have a substantial impact on the over-
all ocean circulation. For instance, Morris et al., (2017) document that the injection of
Indian Ocean water masses into the Atlantic Ocean has an overall influence on balanc-
ing the AMOC. The shutdown of the Agulhas leakage has been associated with extreme
glacial periods while a robust increment has antecedent shifts towards interglacials (Beal
et al., 2011).
Model outputs have shown possible anthropogenically induced shifts in wind patterns
over the Southern Hemisphere (Bornmann and Lutjeharms, 2010). Over longer time
scales the variability of the leakage has been associated with large scale wind fields such
as the Southern Hemisphere westerly winds. Essentially, variability associated with
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the westerlies is likely to impact the gateway between the African continent and the
Subtropical Front (STF); a northward shift of the westerlies has a potential to reduce
the leakage. Conversely, a southward shift of the westerly winds expands the gateway
increasing the leakage from the Indian to Atlantic Ocean (Biastoch et al., 2009; de
Ruijter., 1982).
The Agulhas leakage also forms a thermohaline link between both the Indian and At-
lantic Ocean connecting the Agulhas Current system with the upper branch of the
AMOC through a warm water route (Gordon 1986; Beal et al., 2011). In addition, a
number of studies argue that the upstream inertia results in an increase in the Agulhas
leakage (Van Sebille et al., 2009). In contrast (Rouault et al., 2009), have argued that
the strength of the Agulhas leakage has been influenced rather by the Agulhas Current
transport. A proportion of the Agulhas leakage remains in the South Atlantic Subtrop-
ical gyre, while some of it ends up in the supergyre and subsequently circulates into
the Indo-Pacific region via the South Atlantic Current. The remaining Agulhas Leakage
then feeds into the upper surface arm of the global AMOC crossing the equator (Beal
et al., 2011).
1.5 The Agulhas Return Current
The Agulhas Return Current (ARC) is significantly modified south of Africa through
contributions from the Agulhas Current (Lutjeharms and Ansorge, 2001). A synthesis
of available hydrographic data by Boebel et al., (2003) has documented the ARC as
a spatially and temporally variable current of about 60 to 80 km in width. Located
nominally at 39◦S, it exhibits velocity measurements of up to 2 m/s. Although the degree
of variability of the ARC has to date not been determined with reliability (Lutjeharms
and Ansorge, 2001), Belkin and Gordon (1996) show that it extends as far east as 72◦E.
The general motion of the ARC is zonal (Gründlingh, 1979; Daniault and Ménard, 1985;
Hofmann, 1985) with bottom topography influencing extensive meridional excursions
along its path (Darbyshire, 1972; Lutjeharms and Van Ballegooyen, 1984). Equally
important to the Agulhas Current, the ARC also plays a vital role in influencing the
climate around South Africa.
1.6 The Agulhas Current flow regime
Considering the general overview of the Agulhas Current system, the variant Agulhas
Current and its sources, Agulhas Retroflection, Agulhas leakage and Agulhas Return
Current occur interdependently to form an Agulhas Current system. This system func-
tions effectively by integrating all the physical and thermodynamic processes with the
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primary goal of transporting momentum, nutrients, heat and salt poleward and poten-
tially have a profound impact on long term trends in the climate system (Benny et al.,
2015).
Increasingly, the scientific community has drawn their attention to this system´s inte-
gration of the inter oceanic exchange between the Atlantic and Indian ocean. Warm
and salty water leaks (Agulhas leakage) from the Indian to the Atlantic Ocean via the
Agulhas rings supplied by the Agulhas Current during the retroflection off the conti-
nental shelf break close to the southern tip of Africa (Gründlingh et al., 1983). A body
of research has also focused on documenting the path and variability within the system
(Boebel et al., 2003) and the principal pathways of exchange within the wide basin scale
(Benny et al., 2015).
Figure 1.3: Features of the large scale circulation showing the complexity and vari-
ability of the Agulhas Current system. This includes the onset of small meanders (Natal
Pulse - along the east coast), upwelling along the Agulhas Current and divergence of
the current axis from the coast, Agulhas Retroflection and downstream meander of the
Agulhas Return Current located along the Plateau (Adapted from Robertson, 2005).
The variability observed within the Agulhas leakage plays an important role in glacial
terminations and the timing of interhemispheric climate change (Peeters et al., 2004).
From its genesis, the Agulhas Current system has been perceived instrumental for mov-
ing Indian waters towards the South Atlantic Ocean (Gordon, 1985) and evidence is seen
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through the spawning of Agulhas rings and Agulhas filaments at the Agulhas Retroflec-
tion with mean heat loss of down to 200 W/m2 (Lutjeharms, 2006). These Agulhas rings
migrate into the Cape basin as they split, amalgamate and rapidly spin down near the
southern terminus of the Agulhas Current. The juxtaposition between the (Lutjeharms
and Ansorge, 2001) Return Current and the weak front Subtropical Convergence as seen
in Figure 1.3 also contributes to the dynamic flow in this region as it periodically sheds
eddies (Boebel et al., 2003). Such processes occur south of Africa where the Agulhas
Return Current lies north of the Subtropical Convergence. Paramount modifications
of water masses have been observed in this region as a result of not only the air-sea
interactions, but also the continued process of different water bodies mixing. Frontal
characteristics of the less intense front are therefore potentially strengthened by the
Agulhas Return Current (Lutjeharms and Ansorge., 2001). The Agulhas Current as a
western intensification boundary system therefore plays an important role in connecting
the Agulhas Current, Agulhas Retroflection, Agulhas leakage and the Agulhas Return
Current´s physical properties along with associated mesoscale processes.
1.7 What is the role of mesoscale variability?
Mesoscale features are identified as dominant reservoirs of kinetic energy and promi-
nent sources of flow variability throughout the global ocean (Gille, 2003; Meredith et
al., 2006; McWilliams, 2016). The nomenclature behind these oceanographic features is
due to their large spatial horizontal scale of tens of kilometers from approximately 50
to 100 km and an evolutionary period of weeks from 10 to 100 days depending on their
location (Schiermeier, 2007; Chelton et al., 2011; McWilliams, 2016). Previous research
efforts within the Agulhas Current system, were primarily directed towards understand-
ing mesoscale features and their role in climate change and ocean circulation processes
(Hall and Lutjeharms, 2010; Backeberg et al., 2012; Lamont et al., 2014; Tandeo et al.,
2014). Through their physical processes, these mesoscale features provide a vehicle for
the transport of heat and dissolved gases such as CO2, which potentially enable out-
gassing or uptake of CO2 gas at surface or subsurface layers of the ocean (Melato, 2012).
There is also a strong connection for nutrients as underlined by Lévy et al., (2012). Ad-
ditionally, the intensification of the mesoscale variability has a potential downstream
implication for the Agulhas Current and an influence on the South Atlantic Ocean leak-
age (Backeberg et al., 2012). This is influenced by the connection with upstream Agulhas
sources (SEC, MZC and EMC), which potentially increase eddy properties (eddy radii,
amplitude and westward propagation velocities) and volume transport (de Ruitjer et al.,
2004; Shouten et al., 2002; Siedler et al., 2009). Mesoscale variability is known to be
responsible for more than 95% of the oceanic kinetic energy (Munk, 2000). Geographical
variation observed within mesoscale features is through their size, radii, and amplitude
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while a minor seasonal modulation is documented in most locations as inferred from
satellite altimetry respectively (McWilliams, 2016).
Figure 1.4: Schematic showing the ocean surface dynamics at the southern tip of
Africa: The geostrophic surface current streamlines (white lines) overlaid indicate the
flow variability emerging from mesoscale features such as the current (Agulhas Current
and Agulhas Return Current), eddy corridor consisting of both cyclonic and anticyclonic
eddies and meandering of the current with sea surface temperature in the background
(indicated by the red, blue green interpolation) from (www.ocean data lab.com).
The ability to accurately sample the ocean using satellites has been difficult due to
limited global coverage (Munk, 2000). Contemporary improvements in remote sensing
have enabled multi mission mapping techniques of these altimeters to accurately resolve
mesoscale variability (Chelton et al., 2011). This robust technique measures synoptic
patterns of mesoscale features that include current meandering, eddy shedding, front
displacements and variations observed in speed and direction (propagation velocities) of
boundary currents (Lutjeharms and Cooper, 1996; Ducet et al., 2000; Backeberg et al.,
2012).
1.8 Mesoscale variability leading to submesoscale features
Submesoscale features on the surface of the ocean are defined as intermediate horizontal
scale (1 km) flow structures that appear in the form of density fronts and filaments,
topographic wakes and persistently occurring coherent vortices or swirls (McWilliams,
2006) as seen in Figure 1.4. Their operational name is defined from mesoscale fea-
tures and they emerge spontaneously in simulations of both mesoscale eddies and strong
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currents. These submesoscale features like the mesoscale eddies are essential as they
provide a conduit of dynamical energy transfer and biota towards microscale dissipation
and diapycnal mixing as shown in Figure 1.5. It is therefore important to have an equiv-
ocal understanding of the various scales of variability, flowing from the mean circulation
through the turbulent motions emerging from mesoscale to submesoscale features (Toole
and McDougall, 2001; Ridgway and Dunn, 2003).
Figure 1.5: Shows the stages in the general ocean circulation from planetary-scale
forcing to microscale dissipation and mixing within the submesoscale regime. Adapted
from (McWilliams, 2016).
A quantitative outlook on the size of submesoscale features is essential: The length of
the horizontal scale is between 0.1 and 10 km and their height is between 0.01 and 1 km
in the vertical scale and a temporal evolutionary scale of hours and days. According to
McWilliams (2016), the size of submesoscale features provide an observational challenge
that unfortunately delays an appreciation of their ubiquitous nature across the ocean
surface. First and foremost, they are often either too large to be detected accurately from
shipboard instruments or low resolution satellites. Incidentally they are also too small
as shown in Figure 2.3 and as a result of their advective nature they are rapidly dynamic
and evolve over time, making it difficult to enable precise ship surveys. Additionally,
they provide a small footprint for majority of remote sensing satellites. To date, there
are no comparable global measurements of submesoscale features and a central problem
is documented in meteorological and other geophysical forecasts in model initialization
from measurements. Hence one of the primary scientific rationales for the development of
Crossroad transect 11
satellite missions such as Surface Water Ocean and Topography (SWOT) (to be launched
in 2020) is to establish high resolution, wide swath altimetry measurements of surface
water and ocean topography in order to make fundamental advances in understanding
the processes underlying small scale features (inclusive of mesoscales) and sea surface
salinity variability (Boutin et al., 2016). The general ocean circulation of submesoscale
features is largely influenced by fluxes of momentum, heat, water and differences in
planetary scales essentially (McWilliams, 2016). SWOT therefore envisions to contribute
unique global observations to allow characterization of different regimes in different
regions and seasons (Klein et al., 2015).
1.9 Rationale of the Crossroad transect
Warming has been identified across the Agulhas Current system as a response of in-
creased wind stress curl in the South Indian Ocean (Rouault et al., 2009). Rouault et
al., (2009) show that these warm sea surface temperatures approximate down to 0.7◦C
per decade of warming within the system. Similarly, Rouault et al., (2009) show that
higher sea surface temperatures are observed at the Agulhas Retroflection due to the
expected increase in kinetic energy linked with the transport south of Madagascar. The
upstream perturbations have a potential to influence the characteristics or representa-
tion of the salient features downstream such as the Agulhas rings including their drift
path (Biastoch et al., 2008). A program within the South Atlantic Meridional Overturn-
ing Circulation (SAMOC) has a core objective of linking the south east Atlantic with
the south west Indian Ocean. Between 2004 and 2012, the GoodHope line has been
the only South African monitoring cruise line spanning the Agulhas leakage region and
Antarctic Circumpolar Belt. Although the line enables the quantification of heat, salt
and volume exchange between the Indian and Atlantic Ocean, the difference in fluxes
between the westward flowing Agulhas Current and the eastward zonal Agulhas Return
Current remains rudimentary (Ansorge, 2013).
With an increased range of uncertainty and contradictions observed within the system,
extensive research is required to unequivocally understand the Agulhas Current system
and dynamics thereof. Evidence of progress and development in terms of research within
the Agulhas system has been observed. The evolution was documented by (Biastoch and
Krauss, 1999) who contended that the identification of source regions of the Agulhas
Current was restricted and that the extent of gaps found in the role played by the
Mozambique Channel was vast. Sparse hydrographic observations were unable to clearly
reproduce a consistent representation of the Agulhas Current. And therefore, innovative
approaches are still required for model development for a better analysis from basic to
complex oceanographic phenomenon such as the Agulhas Current system considering
all scales from a global (Beal and Biastoch, 2010; Beal et al., 2011), regional (Rouault
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et al., 2009; Halo et al., 2014) to local (Backeberg et al., 2012; Backeberg et al., 2014)
extent.
Figure 1.6: Map showing the bathymetry across the Crossroad transect south of
Africa. The blue line represents monitoring route occupied annually during the voyage
from 35◦S to approximately 42◦S. The isobaths contour interval observed is 1000 m.
A dedicated cruise line known as the Crossroad transect has been established. Sampling
along this route commenced in 2013 with the overarching goal of studying the long
term trends in ocean fluxes. The primary goal is to fundamentally establish the nature
of the system, the warming of currents and their potential impact on local climate
around South Africa (Ansorge, 2013). The monitoring line as seen in Figure 1.6 lies
at a location that allows measurements of both the Agulhas Current and its return
flow as they are simultaneously constrained by the Agulhas Plateau and coincide with
the N198 altimetry track (Cooper, 2014). The motivation behind the establishment of
the Crossroad transect was to better understand the Agulhas Current system across
the Agulhas Plateau by integrating annual satellite altimetry across the monitoring
route (Ansorge, 2013). The SA Agulhas II (dedicated to a South African Icon, Mrs.
Mariam Makeba) annually embarks on a voyage from Marion Island enabling collection
of hydrographic data for scientific research community.
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The need to extend all ocean observations from cruises is to bring in satellite imagery.
The warming of the Agulhas Current as documented by Rouault et al., (2009) has
focused research attention on the Agulhas system. Considering the variability observed
along this region the study aims to investigate the dynamic nature of the Agulhas system
and the gaps often overlooked between small and large scales features. Despite the 3
years (from 2013 to 2015) of data currently available, a short term interannual variation
between these years is still considered. Although short term interannual variability is
examined in the study, the seasonal variation along the transect remains a limitation.
This study therefore attempts to understand the variability across the Crossroad transect
using 3 years of hydrographic data. Fundamental to understanding the Agulhas system,
is determining the role played by small scale features that form part of the local, regional
and global ocean circulation.
Chapter 2
Introduction
2.1 Context and motivation
The Agulhas Current as it flows southwestward along the eastern coast of South Africa,
retroflects along the Agulhas Bank and forms an eastward continuation known as the
Agulhas Return Current (Beal et al., 2011; Lutjeharms, 2006), allowing approximately
90% of its water mass transport into the South Indian Ocean (Whittle et al., 2008).
This system has been studied extensively due to its dynamic nature and general flow
pattern (Dencausse et al., 2010). To date, the trajectory of the Agulhas Return Current
has not been determined with accuracy, although it is known to be variable (Lutjeharms
and Ansorge, 2001). Different studies have also shown the increase in warming of the
Agulhas Current, along with the fluctuation of air sea fluxes such as latent and sensible
heat fluxes, which increase 3 to 5 times over sea surface temperature fronts linked with
the Agulhas Current, Retroflection and Return Current (Beal et al., 2011; Rouault et al.,
2000). Consequently, the variation associated with the Agulhas system contributes to
the impact on the climate of South Africa (Rouault et al., 2009), leading to environmen-
tal, poverty, health, and safety challenges on different disciplines (Morris et al., 2017).
Furthermore, the Agulhas leakage, which forms part of the Agulhas system injects some
of its water masses into the Atlantic Ocean and has increased since the 1980s (Rouault
et al., 2009; Biastoch et al., 2008a).
Within the Agulhas Current system different components functioning independently
are observed at different scales including, but not limited to the basin and mesoscale
features. On a regional scale, Lutjeharms (2006), put forward that the Agulhas Current
has a direct influence on the oceanography associated with continental shelf through a
range of the mesoscale and submesoscale processes. Therefore, to understand better the
variability associated with the Agulhas Current system, different hydrographic datasets
collected along the Crossroad tranect are used. Sampling along the Crossroad transect
was commenced in 2013 with the primary goal of analysing both the Agulhas Current
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and the Agulhas Return Current. However, data collected along this route remains
incomplete. For instance, to date, there is no evidence of high resolution glider data to
infer on the biogeochemical measurements that influence the mesoscale and submesoscale
features along the Crossroad transect and this essentially remains one of the limitations
of the study.
2.2 Why study small scale such as mesoscale and subme-
soscale features along the Crossroad Transect?
Figure 2.1 shows the importance of scales in time and space, the connection and depen-
dence of processes on one another. As a result of the prominent energy flows involved
within small scale dynamics, processes such as water cycle are coupled with the global
energy balance. Previous studies have shown that ocean-atmosphere interactions influ-
ence the regional climate system through radiative heat balance (Trenberth et al., 2009;
Stephens et al., 2012; L′Ecuyer et al., 2015). These features further continue to stir large
scale sea surface temperature fields as mentioned by Tandeo et al., (2014). Understand-
ing better the role of climate change creates an awareness of important intensification
of regional floods and droughts and how they provide vast potential impacts on dis-
tinct societies (Köhler, 2015). Though knowledge of these mesoscale features remains
rudimentary across the Crossroad transect, previous research studies have documented
that mesoscale eddies have a central role in upwelling deep, nutrient-rich waters into
the oceans´ euphotic zone, which potentially influences an abrupt growth of autotrophs
such as phytoplankton (Quartly and Srokosz, 2004). Both mesoscale and submesoscale
features enable researchers to quantify the oceanographic conditions within distinct re-
gions and therefore conclude on different physical ocean properties such as temperature
and salinity, which altogether provide inference on the density state of different water
bodies (L′Hegaret et al., 2016). The near surface temperature and salinity data collected
from different oceanographic instruments are used to compute the horizontal tempera-
ture, salinity and density fluctuations (Kolodziejczyk et al., 2015). These properties of
the horizontal mixed layer vary significantly as a function of location, season and as a
function of both spatial and temporal scales and will be discussed further in chapter 5.
Dong et al., (2014) assert that surface thermohaline structures are primarily driven by
baroclinic instabilities (measurement of the misalignment of the gradient of pressure
from the gradient of density in a fluid) of currents located at frontal regions of mesoscale
levels, which are known as eddies. These features altogether play a fundamental role
of potential energy conversion in the upper ocean (Kolodziejczyk et al., 2015). Addi-
tionally, these mesoscale processes have an impact on biological dynamics. They impact
phytoplankton growth and increase productivity by modulating the vertical supply of
nutrients into the euphotic zone and regulate the strength of vertical mixing (Lévy et
al., 2012). Furthermore, Figure 2.1 mainly shows the importance of scales in time and
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space, and the connection and dependence of processes on one another. To reiterate, it
is important to understand the variation along the Crossroad transect at different scales
as it affects the characterisation of different water properties.
Figure 2.1: A schematic of temporal-horizontal space scale showing physical and
biological platforms over time. The approximate horizontal and temporal sampling
domain capabilities of various platforms are represented in rectangles. These includes
satellites and floats as shown in different colors. Adapted from Dickey (2002).
2.2.1 Why consider sea surface salinity observations?
Salinity is one of the variables that play an important role in the thermohaline circulation
(Reul et al., 2013). However, fundamental problems of physical oceanography include
quantifying salinity variations in the ocean and their underlying processes. Morrisset et
al., (2012) document that sea surface salinity data derived from satellite are often less
erroneous and the variations thereof on both seasonal and interannual timescales are
high. Satellite missions have an objective of better resolving the observed variability in
sea surface salinity estimates with an accuracy of 0.1 to 0.2 psu over Global Ocean Data
Assimilation Experiment (GODAE) scales of 100 km over 1 to 2 months and 10 days
(Reul et al., 2014). Variations in salinity are an expression of disparity in the transport
of freshwater and together with temperature these variations have a major influence on
the density of sea water and ocean circulation (Köhler, 2015). Zhu et al., (2014) put
forward that the variations play a role in the maintenance of the climate through its
effects on horizontal pressure gradient, stratification and the equatorial thermocline.
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Historically, salinity has been one of the most under-sampled quantities hence the elu-
siveness in detailed knowledge regarding long term ocean salinity changes. Maes et al.,
(2014) contend that the large scale variability observed in sea surface salinity can now be
examined with unprecedented space and time sampling. Additionally, measurements of
the distribution of altimetry derived sea height and temperature at the surface present
a wealth of information regarding ocean circulation. Furthermore, recent studies have
focused on the synergy between different water properties including temperature and
salinity at surface and subsurface layers in order to highlight the correlation between
different fields for the full comprehension of coupled dynamics. Despite recent efforts,
small scale variability in salinity remains a challenge and more knowledge is essential
(Boutin et al., 2016) .
2.3 Objectives, approach and outline of the study
The Agulhas Current system is known as a complex oceanographic system and has a
potential influence on both regional and global climate (Lutjeharms, 2006; Beal et al.,
2011). Examining both the basin and mesoscale features across the Crossroad transect
given the inherent advantage of satellite remote sensing and access to different in situ
datasets forms the main objective of the study. On the other hand, the aim is to in-
vestigate and compare distinctive water properties using different ocean instruments,
which include the Conductivity Temperature and Depth (CTD), Thermosalinograph
(TSG) and Shipboard Acoustic Doppler Current Profiler (SADCP). In addition to using
these instruments, different resolutions highlight different properties, allowing an analy-
sis of diverse range of scales from basin to submesoscale. This study similarly, provides
an abundance in ocean observations allowing a detailed perspective on different ocean
variables that include surface temperature, salinity, velocity and geostrophic velocity
measured at both surface and subsurface layers. Although submesoscale features are
not the focus of the study, they will be discussed briefly due to the role they play in
contributing to the overall large ocean circulation (Krug et al., 2017; McWilliams, 2016;
Kolodziejczyk et al., 2015). The study altogether aims to achieve a better understanding
of the variability along the Crossroad transect using 3 years of hydrographic data. In
order to achieve the above mentioned objectives, as part of the research goal of this
study the following three key questions will be investigated:
1. What basin scale circulation features do we observe across the Crossroad transect?
To answer this question, this study will evaluate the basin scale features identified along
the Crossroad transect with the anticipation of demonstrating the altimetry and in situ
data. Particular emphasis will focus on the interdependent components of the Agulhas
Current system along the transect at both surace and subsurface layers. Despite the
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limitations of satellite observations, a synergy of in situ data is implemented allowing a
further understanding of the variability along the Crossroad transect.
2. How do observations of basin scale and mesoscale features differ when using different
datasets?
The impact of the study investigates different scale features (currents, fronts, eddies,
meanders and filaments) through integrating remote sensing satellite sensors with in
situ measurements in order to fully understand spatio-temporal variability across the
Crossroad transect. This is done by highlighting what is missing from one dataset that
can be explained by other datasets including both hydrographic and altimetry data
(Maes et al., 2013).
3. Are there interannual similarities and differences in the basin and mesoscale variability
observed along the Crossroad transect between 2013 and 2015?
Past observational research was unable to show a seasonal cycle of the Agulhas Current
system (Gründlingh, 1983; Bryden et al., 2005). Conversely, regional models exhibit
seasonality in the transport of the Agulhas Current (Lutjeharms, 2006). Although al-
timetry and in situ datasets have to date not been able to provide such evidence along
the Crossroad transect, a short term interannual variation is determined. This is done
by considering the sea surface temperature and salinity measurements from the thermos-
alinograph along the transect and comparing the patterns observed on different scales.
An overview of the salient features and dynamics of the greater Agulhas Current system
is provided in Chapter 1, including the sources of the Agulhas system. In addition the
role of the mesoscale variability leading to submesoscale features is briefly presented with
the aim of defining some of the key driving processes of variability within the Agulhas
Current system. An introduction of the data and methods including hydrographic sam-
pling is provided focusing on ship based in situ datasets and satellite remote sensing in
Chapter 3. Furthermore, as seen in Chapter 4 results are presented with measurements
compared to assist in understanding the variability across the Crossroad transect using
3 years of hydrographic data. Chapter 5 then highlights interesting trends, patterns and
features often overlooked in the data. Finally, a summary of the research is drawn in




3.1 Study region and hydrographic sampling
The study area covers the ocean domain around southern Africa from 32◦ to 43◦S and
16◦ to 32◦E as seen in Figure 3.1.
Figure 3.1: Map showing the bathymetry and Crossroad transect. Isobaths indicate
the bathymetry with a contour interval of 1000 m. The black dots represent the CTD
stations. Across the transect the Agulhas Plateau is observed as indicated by the
isobaths ranging between 3000 and 4000 m.
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The geographical domain displayed in Figure 3.1 covers a large extension of the Agulhas
Current system around southern Africa. The aim of the Crossroad transect is to establish
a monitoring route that will provide detailed hydrographic data on the structure of both
the Agulhas Current and Agulhas Return Current. This chapter will focus on the ship
based datasets including shipboard ADCP, TSG and CTD and satellite remote sensing
products from Aquarius, SMOS and Aviso will be explained briefly.
3.2 Ship-based in situ datasets
The Crossroad transect is now on its 4th year of sampling. The overarching aim is
to achieve the long term trend in inter-oceanic fluxes and to establish the nature of
warming currents and their impact on local climate south of Africa (Ansorge et al.,
2013). The purpose is to present annual analysis of the information collected along the
Crossroad transect during the return voyage from Marion Island to Cape Town. On-
board the vessel, underway data was collected from various oceanographic instruments
recorded on the Scientific Data System (SDS). Maes et al., (2013) contend that quality
controlled in situ observations are important in terms of calibration and validation of
satellite measurements. The instruments employed in the study include the CTD, which
measures temperature, conductivity and depth, TSG measuring temperature and salin-
ity at the surface of the ocean and SADCP measuring the current from near surface to
approximately 500 m.
3.2.1 Shipboard Acoustic Doppler Current Profiler (ADCP) measure-
ments
During each voyage, the vessels keel mounted 75 kHz Teledyne RD Instrument SADCP
was set to collect data. Data was gathered using the Teledyne RDI VMDAS (version
1.46) software. The instrument was adjusted to accumulate data for approximately 60
bins, with a bin size of 8 m to a total depth of 560 m. The instrument alignment
correction in relation to the vessel was set to -46◦. Short Term Average (STA) data,
using a 3 minute average from the ADCP was processed down to a maximum depth of
501 m. The gathered data was converted into a spreadsheet using an extraction function
from Aqua Vision ViSea DAS and ViSea DPS software. All velocity data is measured
in m/s (van den Berg, 2015).
3.2.2 Thermosalinograph (TSG) measurements
For the duration of the voyages from 2013 to 2015, the TSG system was run for the
collection of underway temperature and salinity data. The instrument receives sea water
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from the onboard sea water supply manifold in the scientific laboratory with seawater
being pumped from the sea chest located in the engine room close to the laboratory.
The TSG in situ data represents the instantaneous point wise measurements sampled
once along track and averaged along track nominally (Köhler, 2015).
3.2.3 Conductivity Temperature and Depth (CTD) measurements
Onboard the vessel, CTD casts were lowered profiling temperature, salinity and fluores-
cence from near surface to depths of down to 4000 m under strict conditions that the
vessel is stationary. A rosette of 12 Niskin bottles was deployed and bottles were closed
at standard depths of 5 m, 10 m, 20 m, 50 m, 75 m , 250 m, 1000 m, 1200 m, 1500 m
and 2000 m. The study will focus on temperature and salinity profiles down to 2000 m
collected from 2013 to 2015. The units of salinity reported in this study are practical
salinity units (psu). In 2013 a total of 18 CTD stations were measured from the 10th to
15th of May from 35.5◦ to 42◦S. The Agulhas Current was identified prior to the survey
from the Group of High Resolution Sea Surface Temperature (GHRSST) satellite sea
surface images. In 2014 a total of 17 full depth CTD stations were deployed from the
10th to 15th of May sampling and collecting data from 35◦ to 42◦S as also seen in Figure
3.1. In 2015, data collection similarly took place during the return cruise from the 2nd
to 5th of May stationing at the same region of interest with a total of 19 stations.
3.3 Satellite Remote Sensing
3.3.1 Aquarius and SMOS
Following Martin (2014), the past forty years have advanced the ability of satellites to
allow observation and monitoring the global ocean and its overlying atmosphere through
vast technological development. Remote sensing is defined as the use of electromagnetic
radiation in order to acquire data from the ocean, land and atmosphere without physical
contact with the phenomenon being investigated. National Aeronautics and Space Ad-
ministration (NASA) missions therefore provide precise first space borne measurements
of the sea surface salinity to characterize these ocean land interactions with unprece-
dented space and timing sampling (Maes, 2014). The Soil Moisture and Ocean Salinity
(SMOS) and Aquarius satellite are intently considered in this study as they exhibit the
main characteristics of the global sea surface salinity, temperature and height distribu-
tion (Köhler, 2016). Events such as the Indian Ocean Dipole have also been documented
using SMOS data from patterns of salinity variability (Durand et al., 2013).
The SMOS and Aquarius measurement intensity is based on the electromagnetic radia-




Figure 3.2: Map showing an overview of Sea Surface Temperature (SST) obtained
from Aquarius and Sea Surface Salinity (SSS) obtained from SMOS. The black line
indicates the Crossroad transect.
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Table 3.1: Summary table showing the characteristics of the SMOS and Aquarius
satellites. (www.aviso.altimetry.fr).
November 2009 and flies in a sun-synchronous orbit covering the global ocean every 2.7
days. It is a polar orbiting satellite carrying an interferometric radiometer operated
at a frequency of 1.4 GHz. A swath of 1000 km is estimated with a nominal spatial
resolution of approximately 43 km (Maes, 2014). The advent of SMOS makes it feasible
to quantify the assessment of the mechanisms that govern the ocean surface variability
and infer on the salinity budget (Durand et al., 2013). The primary objective of SMOS
is to remotely sense the moisture of the continental surfaces and surface salinity content
of the oceans. The NASA Aquarius instrument on the other hand comprises a passive
microwave radiometer in the L band at approximately 1.413 GHz (Aslebagh, 2013). Sim-
ilarly, Aquarius flies in a sun synchronous polar orbit with a significant difference global
coverage of the ocean every 7 days (Köhler, 2016). Figure 3.3 indicates the differences
in table format of SMOS and Aquarius.
3.3.2 AVISO
The satellite data used in the study are also obtained from AVISO (Arching, Valida-
tion and Interpretation of Satellite Oceanographic). The altimetry results observed in
chapter 4 are based on gridded Maps of Absolute Dynamic Topography Heights (MADT-
H) obtained from the SSALTO/DUACS data products (www.aviso.altimetry.fr). The
products are used to investigate the circulation and the mesoscale activity across the
Crossroad transect. The SSALTO/DUACS processing integrates data combined from all
altimetry missions: Jason-1, Topex/Poisedon, Evisat, GFO, ERS-1 and 2 (User Hand-
book Ssalto/Duacs: Mean Sea Level Anomaly (MSLA) and M(ADT) Near-Real Time
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and Delayed-Time Products) (Ducet et al., 2000). Therefore, daily sea surface elevation
(SSH) products with a spatial resolution of 1/4◦ were used to obtain an overview of the
ocean dynamics (Rio and Hernandez, 2004).
In addition to the hydrographic data, satellite imagery is used to detail the sea surface
temperature and salinity across the Crossroad transect. Figure 3.2 illustrates both
surface temperature and salinity products derived from Aquarius and SMOS. Figure 3.2
(a) shows the 7 days composite of sea surface temperature and (b) shows a temporal
resolution of 10 days and a spatial resolution of 1/4◦ x 1/4◦ map of sea surface salinity.
However, the 3 interdependent components of the Agulhas Current system; the Agulhas
Current, Agulhas Retroflection and the Agulhas Return Current, are not well resolved
and the sea surface salinity is not well defined along the coast. Therefore, for the purpose
of the study these products will not be examined in detail.
Chapter 4
Results
The Agulhas Current system (ACS) is a challenging environment for the oceanogra-
phy community as a result of its complex nature. Most importantly, variability along
this region occurs at different scales ranging from filaments to meanders (Lutjeharms,
2006). The aim of the study is to examine both mesoscale and submesoscale variability
along the Crossroad transect. The results indicate the different ocean circulation pat-
terns observed within this dynamic region. The Agulhas Current (AC) flows along the
continental shelf boundary south east of Africa from 27◦ to 40◦S (Lutjeharms, 2006).
However, the analysis provided covers the ocean domain around southern Africa from
32◦ to 42◦S and 18◦ to 30◦E. Above all, the region was purposefully chosen to encompass
the main oceanographic features such as the AC and its return path (Agulhas Return
Current), part of the Agulhas Leakage (AL), Agulhas Retroflection (AR) and Subtrop-
ical Convergence (SC) that altogether occur both up and downstream and across the
transect. Therefore, this chapter will focus on the surface and subsurface measurements
of sea surface height (m), temperature (◦C), salinity (psu) and velocity (m/s) measured
from both in situ and satellite data. For a better understanding of the ocean dynamics
influencing the ACS, this sections will be divided into the 3 key questions analyzing data
from 2013 to 2015. The following key questions will be addressed:
1. What basin scale features do we observe across the Crossroad transect?
2. How do observations of basin scale and mesoscale features differ when using different
datasets?
3. Are there interannual similarities and differences in the basin and mesoscale variability
observed along the Crossroad transect between 2013 and 2015?
25
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4.1 What basin scale features do we observe across the
Crossroad transect?
4.1.1 Altimetry and in situ measurements
2013
Represented in Figures 4.1 (a)-(c) are sea surface height maps indicating the basin scale
features within the ACS. The colorbar shows positive and negative values indicating
sea surface height. Overlaid on the maps along the transect are in situ data collected
from the ADCP. Figure 4.1 (a) shows ranges of SSH from -2 to 2 m south of Africa
measured on the 12th of May 2013. The SSH ranges from 1 to 2 m illustrating the
greater Agulhas system components; the AC located at approximately 36◦S, AR with a
southward extension located between approximately 21◦ and 23◦E and 38◦ and 41◦S and
ARC positioned at approximately 38◦S. Overlaid on the map is the surface SADCP data
along the Crossroad transect as shown by the black vectors (arrows). Figure 4.1 (a) shows
good correspondence between the altimetry and in situ data as indicated by the vectors.
Both products indicate the intensity and direction of the AC (36◦S) and ARC (38◦S).
This is confirmed by the length scale of the vectors with mean velocity of approximately
0.08 m/s. Encircled in blue as observed in Figure 4.1 (a) is an eddy located from
25◦ to 27◦E and 40◦ to 41◦S further south of the transect. Closely considering the
vectors around the eddy, an anticlockwise pattern is apparent suggesting an anticyclonic
eddy. The transect intersects the eastern side of the anticyclonic eddy between 26◦ and
28◦E and 40◦ and 42◦S. In addition, the anticyclonic eddy shows maximum SSH from
approximately 0.7 to 0.9 m.
The graphical representations in Figure 4.2 (a)-(c) indicate the velocity measurements
at the surface of the ocean from 35◦ to 42◦S along the Crossroad transect with velocity
measurements ranging from 0 - 2.4 m/s. The surface ADCP data exhibits the dynamic
nature of the currents. Currents of the greater Agulhas system are shown in Figure 4.1
(a)-(c). Figure 4.2 highlights the surface intensified velocity signal along the transect.
Areas of slow and fast currents are evident as shown on the plot indicating relative
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Figure 4.1: Maps showing SSH (m) south of Africa from 2013 to 2015. Overlaid
along the Crossroad transect is the corresponding surface ADCP data as indicated by
the vectors in black. The blue (black) circles indicate anticyclonic (cyclonic) eddies.
The overlaid vectors show the magnitude and direction of geostrophic currents with a





Figure 4.2: Velocity (m/s) plot (blue line) showing surface current intensity along
the Crossroad transect obtained from SADCP data showing diferent years from 2013
to 2015. AC- Agulhas Current and ARC- Agulhas Return Current.
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Figure 4.2 (a) shows the AC, ARC and an eddy. The AC is observed at 36◦S with a
maximum surface velocity measurement of approximately 2.4 m/s. The data highlights
that the AC is a fast flowing western boundary current as concluded by Lutjeharms
(2006). The high peak shows that the transect intersects the AC directly as shown
in Figure 4.1 (a) suggesting the core of the current. As the transect proceeds further
south from 36.8◦ to 37.5◦S, there is a decline in surface velocity indicating areas of weak
intensity of the current. An additional peak is encountered at approximately 38,5◦S,
slightly broader and wider compared to the AC. The peak denotes the ARC, which
is different in both direction (northeast) as indicated in Figure 4.1 (a) and magnitude
with minimum surface velocity of approximately 1.8 m/s. At the Agulhas Plateau (AP)
(40◦ to 42◦S), an additional ascending peak in surface velocity is observed; a mesoscale
feature identified in Figure 4.1 (a) as an anticyclonic eddy. Variability is observed
within the anticyclonic eddy with increasing and decreasing values (from 0.1 to 2,4 m/s)
of surface velocity along the plateau. The observed eddy influences the magnitude of
surface velocity with maximum measurements from 1 to 2.4 m/s.
2014
Figure 4.1 (b) shows variability of SSH values measured on the 2nd May 2014 ranging
from -2 to 2 m south of Africa as shown by the shading of the colorbar. The AC is located
at approximately 36◦S with a southwest extension apparent from approximately 17◦ to
18◦E and 40◦ to 41◦S. The AC forms a return flow known as the ARC, which exhibits a
northward shift to approximately 37◦S and continues as an eastward zonal flow towards
30◦E (Ansorge, 1996). The surface SADCP data overlaid on the map similarly shows
good agreement between the altimetry and in situ data as indicated by the vectors.
The S shape indicates the loop of the ARC as indicated by the vectors suggesting a
meandering pattern of the ARC between 37◦ and 40◦S. The meandering of the ARC is
shown by the vectors as the transect intersects the current. Locations of strong intensity
(maximum vectors) indicate the positions of the AC and ARC whereas weak intensity
regions are indicated by minimum vectors, suggesting weak current activity along the
transect. Also important to note is the close spatial proximity between the AC and ARC
between 36◦ and 37◦S. Further south of the transect from approximately 40◦ to 41◦S an
anticyclonic eddy is observed by the pattern of the vectors. The transect intersects the
western edge of the eddy. The center of the anticyclonic eddy is located at approximately
29◦E and 40◦S. The anticyclonic eddy observed in Figure 4.2 (a) has SSH measurements
ranging from approximately 1 to 2 m.
Figure 4.2 (b) similarly indicates the AC and the ARC along the transect. The current
measurements were able to identify the AC with maximum surface velocity values of
down to 2.5 m/s at approximately 36◦S. The ARC appears twice along the transect
as a result of the meandering loop in Figure 4.1 (b) with minimum surface velocity
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measurements from 1.5 to 1.7 m/s observed between 37◦ and 39◦S. The AC is also in
close proximity with the ARC as seen in Figure 4.2 (b). The 2nd peak of the ARC from
37◦ to 39◦S is relatively broader compared to the peak encountered at approximately
36.5◦S. This pattern is seen similarly due to the meandering pattern in Figure 4.1 (b).
At approximately 40◦ to 42◦S along the AP, the anticyclonic eddy has minimum values
of surface velocity relative to the anticyclonic eddy in Figure 4.1 (a). The variability of
surface velocities between the eddy in Figure 4.2 (a) and Figure 4.2 (b) is attributed to
the different positions at which the transect intersects the eddies. However, from north
(35◦S) to south (42◦S) a consistent general pattern of increasing surface current velocity
is noticed when the transect intersects an anticyclonic eddy as seen in both Figure 4.2
(a) and (b). The notable increase in surface velocity further south (along the plateau)
indicates the positions at which the transect intersects the eddy. In this case (Figure
4.2 (b)), the transect intersects the western edge of the eddy at approximately 40.5◦S
as also seen in Figure 4.1 (b).
2015
Along the transect, Figure 4.1 (c) shows SSH south of Africa measured on the 12th of
May 2015. Both products illustrate good correspondence of the positions of the weak and
strong currents and direction of the vectors. The vectors indicate the southwest direction
of the AC, located at approximately 36◦S. The ARC has a southward shift relative to
Figure 4.1 (b) to approximately 39◦S and the vectors illustrate an eastward direction
of the current as indicated by the surface SADCP data overlaid. Along the transect at
approximately 39◦S a mesoscale feature identified as a cyclonic eddy (shown in blue)
is observed with minimum SSH measurements of approximately -0.8 m and vectors
showing a clockwise pattern. The transect intersects the eastern edge of the cyclonic
eddy, encircled in black on the southern boundary of the ARC between 25◦ and 26◦E. The
center of the cyclonic eddy is noted at approximately 39,5◦S and 24,2◦E. At close spatial
proximity to the cyclonic eddy, an anticyclonic eddy encircled in blue is also noticed as
shown by maximum SSH values from 0.6 to 0.9 m and the anticlockwise pattern of the
vectors. The transect similarly intersects the eastern edge of the anticyclonic eddy. The
center of the anticyclonic eddy is seen at approximately 26◦E and 40,5◦S.
4.1.2 Which components of velocity and geostrophic velocity are ob-
served along the Crossroad transect?
2013
Figure 4.3 illustrates the alternating (east-west) zonal (u) and (north-south) meridional
(v) components of the velocity along the Crossroad transect. The u and v components
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are measured from near surface to depths of down to 500 m using SADCP data whereas
Figure 4.2 was limited to the surface velocity. The observed velocity throughout the
vertical column indicate the intensity and direction of the current measurements from -
2.5 to 2.5 m as also shown on the colorbar. For the meridional component of velocity, the
AC is observed at 36◦S with blue shading indicating minimum values of approximately
-0.5 to -1 m/s suggesting a southward direction of the current in Figure 4.3 (a).
The positive values from 0 to 2 m/s indicate northward direction of the AC at the same
latitude. At approximately 38◦S northward velocity measurements of approximately 1
to 1.8 m/s are percieved as shown by the red shading suggesting the ARC position.
Figure 4.3 (b) shows that the zonal component of velocity is more prominent showing
an intensity of the AC at 36◦S as shown by the darker shade of blue relative to the
meridional component where the AC is not as clear. Altogether the meridional and
zonal components suggest a strong westward and weaker southward direction of the AC.
Along the coast at approximately 35◦S is the bathymetry as seen by the white patches
and this feature is identified as the Agulhas Bank.
Figure 4.1 (a) corroborates that the AC is directed southwest at 36◦S indicating a
southwest orientation of the AC from the Indian Ocean to the Atlantic Ocean. On
the contrary, the northeast orientation of velocity indicates direction of the ARC at
approximately 38,5◦S from the Atlantic to the Indian Ocean. The anticyclonic eddy in
Figure 4.1 (a) along the AP shows a northwest direction.
2014
Figure 4.4 (a) and (b) depicts the meridional and zonal components of velocity ranging
from -2.5 to 2.5 m/s measured along the Crossroad transect. The vertical stripes depict
the location of the currents that affect the vertical water column. Similarly, the blue
shading represents the negative velocity 0 to -2.5 m/s and the red shading indicates the
positive velocity 0 to 2.5 m/s. The intensity and direction of the currents differ from the
coast 35◦ to 36◦S to further offshore 37◦ to 42 ◦S. The intensity of the currents range is
between -2.5 and 2.5 m/s (colorbar).
The meridional component resolves well the ARC as indicated by the red shading be-
tween 38◦ and 39◦S in Figure 4.4 (a). Figure 4.4 (b) shows the AC and the ARC are
at close proximity from near surface to 500 m. Additionally, Figure 4.4 (b) shows max-
imum zonal currents from 35◦ to 38◦S. At the 36◦S the AC is observed with maximum
velocity measurements ranging from -2 to -2.5 m/s. The range indicates a strong south-
west current. Figure 4.1 (b) corroborates the close proximity between the AC and ARC
as shown by the red and blue shading at approximately 36◦ and 37◦S. Figure 4.4 (b)
also resolves well a westward direction of the AC at approximately 36◦S (blue) and the
eastward direction of the ARC (red) at approximately 37◦S. From approximately 37◦
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Figure 4.3: 2013 Vertical SADCP cross section of velocity (m/s). Positive (nega-
tive) u means eastward (westward) flow and positive (negative) v means northward
(southward) flow. Vertical stripes within the velocity section are a result of alternating
meridional/zonal orientation of the transect. The (u) and (v) components explain the
zonal and meridional orientation of velocity (m/s).
to 39◦S in Figure 4.1 (b), the transect intersects a meandering feature (S shape). Fig-
ure 4.4 (b) shows that the direction of the ARC is eastward from approximately 36.5◦
to 37◦S with maximum velocity measurements of 1 to 1.5 m/s and westward at 38◦S.
The westward direction of the ARC is a result of the meandering of the current with
maximum velocity measurements of -1 to -1.5 m/s. Nonetheless, the altimetry data and
the in situ data exhibit good agreement of the direction of the currents as seen in both
Figure 4.1 (b) and 4.4 (a) and (b).
2015
Figure 4.5 (a) and (b) depicts similarly the zonal and meridional components of velocity
along the vertical column from near surface to 500 m. The zonal component shows a
stronger vertical shear variability with maximum velocity measurements from -2,5 to 2,5
m/s. Figure 4.5 (a) shows the north-south components where positive (0 to 2,5 m/s)
is north and negative (0 to -2,5 m/s) is south. Figure 4.5 (a) does not resolve well
the intensity of the currents relative to Figure 4.5 (b), which shows a strong signal of
velocity throughout the vertical column. In addition, Figure 4.5 (a) shows less variability
in terms of current activity from near surface to depth of 500 m as shown by the faded
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Figure 4.4: 2014 Vertical SADCP cross section of velocity (m/s). Positive (nega-
tive) u means eastward (westward) flow and positive (negative) v means northward
(southward) flow. Vertical stripes within the velocity section are a result of alternating
meridional/zonal orientation of the transect. The (u) and (v) components explain the
zonal and meridional orientation of velocity (m/s).
blue and red shading. The north south components are not well resolved compared to
the zonal component of velocity in Figure 4.5 (b). The altimetry data in Figure 4.1
(c) shows that the AC at 36◦S is directed westward and the ARC at 38◦S eastward,
hence less north-south velocity are resolved in Figure 4.5 (a) with minimum velocity
measurements from approximately 0 to 0.5 m/s and 0 to -0.5 m/s ( This means that
there are weaker meridional velocities as opposed to weak meridional velocities not
being resolved essentially). In Figure 4.5 (b) the negative velocity measurements from
-1 m/s to 2,4 m/s (blue) is strongly illustrated close to the coast from 35,5◦ to 36◦S
indicating surface intensified velocity signal of the AC. Figure 4.5 (b) shows that the
AC has a westward direction in Figure 4.1 (c). At about 38◦S the positive velocity
(red) measurements from 1 to 1.7 m/s illustrate the ARC with an apparent eastward
direction. Figure 4.5 (b) shows a further southward shift of the ARC to approximately
38◦S in Figure 4.1 (c) relative to the position of the ARC at 37◦S in Figure 4.1 (b). This
also suggests that there is a good correspondence between the observed altimetry and
in situ data.
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Figure 4.5: 2015 Vertical SADCP cross section of velocity (m/s). Positive (nega-
tive) u means eastward (westward) flow and positive (negative) v means northward
(southward) flow. Vertical stripes within the velocity section are a result of alternating
meridional/zonal orientation of the transect. The (u) and (v) components explain the
zonal and meridional orientation of velocity (m/s).
4.1.3 Geostrophic velocity
Figure 4.6 (a)-(c) illustrates the dynamics of the Crossroad transect, based on geostrophic
velocities obtained from hydrographic data such as temperature, salinity and density
from 2013 to 2015. The maximum geostrophic velocity measurements from 0 to 1 m/s
and minimum values 0 to -1 m/s indicate the flow of the current due to the balance be-
tween pressure gradient and Coriolis force known as geostrophic balance ( (1ρ)(
∂p
∂x) = fv).
The geostrophic velocity ranges from -1 to 1 m/s indicating varying strength of the flow
of the currents. The AC has geostrophic velocity measurements from -0.2 to 0.8 m/s,
while the ARC has values of down to 0.2 to 0.6 m/s proceeding further offshore as shown
by the velocity contours. Positive (negative) values indicate the direction of the flow.
Considering the compass direction NW and NE are positive and SW and SE are nega-
tive. The data reveals a strong SW flow of the AC and NE ARC in Figure 4.6 (a)-(c).
The blue (red) shading represents the AC (ARC) (see colorbar) and the contour interval
is 0.2 m/s (see velocity contours).
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2013
In Figure 4.6 (a) the flow of the AC is seen at 36◦S down to approximately 20 to 30 km
close to the coast. The AC extends further from near surface to depths of down to 1400
m. The geostrophic currents reproduce well the southwest flow of the AC. The close
proximity of the velocity contours indicate the strength of the AC. Notable differences
between the AC and ARC are shown; the ARC flow is observed at approximately 38◦S
proceeding further offshore, extending to depths of down to 1200 m. In addition, the
ARC also exhibits a broader V shaped pattern flow towards the sea floor. The presence
of eddy activity in this region is well resolved at the AP as illustrated by the 0.2 m/s
geostrophic velocity contour. The sharp point of the V shape well resolves position of
the core of the AC at 36◦S and the ARC at 38◦S as in Figure 4.6 (a). The extend of
the AC further towards 1400 m relative to the ARC suggests an influence of a strong
bottom current.
2014
In Figure 4.6 (b) the flow of the AC is similarly closer inshore and extends to depths of
approximately 1250 m. The AC is noted in close proximity to the ARC. At 37◦S the
ARC is spotted with a depth of approximately 640 m and a NE direction. At 38◦S is
the ARC with a different direction (SW) as a result of the meandering pattern seen in
the altimetry data in Figure 4.1 (b) with a depth of approximately 700 m. A relatively
quiescent flow along the AP is shown as documented by the -0.1 m/s geostrophic velocity
contour flowing to a depth of approximately 690 m. The geostrophic flow of the AC
exhibits minimum geostrophic velocities from -0.1 to -0.6 m/s while the ARC is noticed





Figure 4.6: Meridional vertical profiles through the top 2000 m showing geostrophic
velocity along the Crossroad transect. The contour interval is 0.2 m/s. Considering the
compass direction NW and NE are positive and SW and SE are negative.
Crossroad transect 37
2015
In Figure 4.6 (c) the flow of the AC is deep extending further to approximately 1400 m
(see the blue shading). The AC exhibits maximum flow from -0.2 to -0.6 m/s as shown by
the geostrophic velocity contours. Between 36◦ and 37◦S from 1400 to 2000 m minimum
geostrophic flows are noticed, which suggests an influence of bottom currents. A strong
return flow is also observed with flows from approximately 0.2 to 0.6 m/s (see the red
shading ) with a strong NE direction. The V shaped pattern of the ARC is similarly
demonstrated between 38◦ and 39◦S. The geostrophic velocities vary considerably with
ranges from -1 to 1 m/s and the variability thereof will be discussed in detail in the next
chapter.
4.1.4 Water mass property distribution
The water mass property distribution along the Crossroad transect is presented in Figure
4.7 (a)-(f). Both the temperature and salinity sections were computed from near surface
to a depth of 2000 m to highlight the salient features along the transect and water mass
distribution. The variability in salinity distribution observed is qualitatively similar to
the temperature distribution; as the temperature decreases towards the sea floor the
salinity also changes relatively as illustrated by the different water masses.
2013
The isotherms illustrated by the black lines indicate temperature differences from near
surface to a depth of approximately 1600 m in Figure 4.7 (a). The temperature measure-
ment as shown by the isotherms range from 4◦ to 22◦C. At about 35.5 ◦S the Agulhas
Bank depicts a strong temperature gradient with temperatures down to 20◦C. Sloping
isotherms go as deep as 1400 m along the continental shelf. Also evident at approx-
imately 35.5◦S is an uplift pattern of isotherms, which suggest and upwelling of cold
water from 1300 m as shown by the 4◦C isotherm towards the surface at approximately
200 m as shown by the 10◦C isotherm. At 36◦S the AC is indicated by an increase in
temperature along the surface with temperature values of down to 22◦C. The tempera-
ture increases at the core of the AC and decreases further south. From 36.25◦ to 38◦S a
warm pool of water is observed with temperature values from 14◦ to 20◦C and a depth
range from near surface to approximately 400 m and shown by the isotherms and red
and yellow colorbar. Further offshore at approximately 39◦S the ARC is distinguished
as shown by the deepening of the isotherms. The ARC is characterized by cool tem-
peratures relative to the AC with a maximum temperature of 14◦C while the AC has a
maximum temperature of 22◦C. Therefore, as observed at 39◦S the temperature for the
ARC range from 4◦ to 14◦C.
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Figure 4.7 (d) shows the meridional vertical section of salinity ranging from 34◦ to 36 ◦S
as shown by the colorbar. Along the Agulhas Bank, isohalines show an uplift of water
from 900 m to 200 m suggesting an upwelling of lower salinity water characterized with
minimum salinity values from 34.6 to 34.8 psu. The cold of low saline water contains
properties of SICW, which will be discussed further in the next section. At 36◦S the
AC is characterized with maximum salinity from 34.8 to 35.6 psu. Between 36.25◦ and
37.5◦S the warm pool is characterized with salinity content from 34.6 to 35 psu with
an apparent difference in water mass properties from near surface to depths of 1700 m.
Maximum salinity ranges from 35 to 35.6 psu from near surface to approximately 650 m.
Low saline waters are distinguished from 800 to 1700 m with minimum salinity values
from 34.4 to 34.8 psu. At 39◦S the ARC is seen with minimum salinity values from 34.4
to 35 psu suggesting that the ARC has relatively lower salinity compared to the AC.
2014
Figure 4.7 (b) shows the vertical meridional section of temperature along the Crossroad
transect. Along the Agulhas Bank at approximately 35.5◦S a strong temperature gra-
dient is observed as shown by the isotherms with minimum temperature values from 4◦
to 10◦C observed between depths of 400 and 1650 m and maximum temperatures from
14◦ to 22◦C from near surface to approximately 100 m. The AC is observed at 36◦S
as shown by the deepening of the isotherms with maximum temperature values from 4
to 22◦C. The warm loop of water is observed between 36.25◦ and 36.5◦S as also shown
by the stratified pattern of isotherms. At 37◦S the ARC is seen further offshore and
as a result of the meandering loop as seen in Figure 4.1 (b). The ARC is also noticed
at approximately 39◦S with relatively cooler temperature values from 4◦ to 20◦C. At
approximately 36◦S, the AC is relatively deeper reaching a maximum depth of 1400 m
while the ARC is observed at 1100 m at approximately 39◦S.
The upwelling of lower salinity water is also noticed at the Agulhas Bank with salinity
values of 34.4 to 34.8 psu. The salinity signature in Figure 4.7 (e) show minimum
variability with salinity ranging from 34 to 36 psu. Deepening of the isohalines indicate
the AC at 36◦S with maximum salinity content from 35 to 35.6 psu. The influence of the
meandering pattern is also apparent within the salinity signature further offshore from
37◦ to 39◦S. The ARC at 39◦S exhibits relatively similarity range of salinity signature
with the AC possibly due to the close proximity between the currents in Figure 4.7 (e).
In addition to the meandering pattern in Figure 4.1 (b) the depth of the AC and ARC is
also variable with the effect of the AC reaching a maximum depth of 850 m and the ARC
at approximately 700 m as remarked by the 34.6 psu salinity isohaline. This suggests
that the effect of the AC is deeper than the ARC.
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2015
Figure 4.7 (c) shows the vertical section of temperature along the Crossroad transect.
Close to the coast at approximately 35.5◦S relatively cool waters are observed from
200 m to 1000 m with minimum temperature values from 4◦ to 10 ◦C. At 36◦S the
AC is observed with maximum temperatures from 4◦ to 22◦C. The warm pool of water
from 36.5◦ to 37.5◦S reaches a maximum depth of approximately 1000 m with apparent
horizontal stratified isotherms suggesting also the shallowing of the isotherms. Further
offshore east of the warm pool from 38◦S, the ARC is observed with relatively minimum
temperatures from 4◦ to 14◦C. The 22◦C isotherm is only observed from 35.5◦ to 36.3◦S
from near surface to approximately 50 m. Following Emery (2001), four water masses
are recognized in the upper 1500 m in Figure 4.7 (c) and (f).
Below the maximum salinity values with a range between 35 and 35.6 psu from near
surface to a depth of approximately 1000 m, minimum salinity values ranging from 34.2
to 34.8 psu are observed. According to Emery (2001), these surface maximum salinity
properties are identified as the Tropical Surface Water (TSW) and Subtropical Surface
Water (STSW). At intermediate level from approximately 1500 m the (Antarctic Inter-
mediate Water) AAIW are observed as characterized by lower salinity water properties.
The salinity minimum as shown by the 34.4 psu isohaline at approximately 37◦S in-
dicates more pronounced AAIW reaching a depth of approximately 1800 m while at
39◦S shallower AAIW are observed with a depth of approximately 950 m. At approx-
imately 39◦S a minimum isohaline of 34.2 psu is observed. Furthermore, the AAIW
are illustrated by low saline and cold waters and will be discussed further in the next
section.
Water mass properties illusrated by vertical profiles and T/S diagrams





Figure 4.7: Meridional vertical profiles through the top 2000 m of temperature and
salinity along the Crossroad transect. The contour interval of temperature is 2◦C and





Figure 4.8: T/S diagrams for water mass properties extracted along Crossroad tran-
sect. The Red line indicates the Agulhas Current and blue line the Agulhas Return
Current. The following water masses are represented: TSW, STSW, SICW, RSW,
AAIW, NADW and AABW. The asterisk represents remnants of RSW.
Crossroad transect 42
Salinity as a function of potential temperature diagrams are presented in Figure 4.8 (a)-
(c) extracted from the Crossroad transect at different positions of both the AC and ARC
from 2013 to 2015. It is worth noting that water mass modification and an influence of
ocean density are among one of the factors that result from salinity variation along the
transect (Nyadjro and Subrahmanyam, 2015). Essentially, the T/S diagrams are used
to infer on different water types; water masses and their spatial distribution. The T/S
diagrams show that the water mass properties of the AC and ARC differ from surface to
deep layers. Given the variability of the AC and ARC as observed in the velocity profiles
(Figure 4.2) and meridional sections (Figure 4.7), the water masses in the T/S diagrams
exhibit similar variability at surface and subsurface layers. The water masses identified
are therefore classified according to their distribution in the water column. Observed
from Figure 4.8 (a)-(c) are the surface and thermocline waters; the Tropical Surface
Waters (STW), Subtropical Surface Waters (STSW) and South Indian Central Waters
(SICW) from 0 to 500 m, Antarctic Intermediate Waters (AAIW) and Red Sea Water
(RSW) from 500 to 1500 m and deep and abyssal waters, North Atlantic Deep Waters
(NADW) and the AABW from 1500 m to the ocean floor. The y-axis shows potential
temperature and salinity is represented by the x-axis as illustrated by Figure 4.8 (a)-(c).
The density in the background ranges from 23.5 to 28.5 kg/m3. This section provides
a clear distinction of water masses and the distribution thereof using their salinity and
temperature properties.
2013
Figure 4.8 (a) shows water masses of the AC in red and ARC in blue. The water masses
observed from near surface to 500 m are characterized with lower salinity from 35.4 to
35.5 psu and temperature from 14◦ to 22◦C, owing to excess warming and precipitation
over evaporation near the equator (Toole and Warren 1993; de Ruijter et al., 1999).
These waters represent the TSW as categorized by Emery (2001) and intrude the AC
waters through the Mozambique Channel (de Ruitjer., et al 2002). Subsequently, the
salinity maximum water masses identified as the STSW are observed with salinity of
down to 35.6 psu and also form as a result of high evaporation within the subtropical
gyre. The surface water masses; TSW and STSW exhibit neutral densities from 24.5
to 26.6 kg/m3. The AC and ARC exhibit similar SICW with cool and lower salinity
water properties of neutral density between 26.5 and 27 kg/m3. At intermediate depths
below the thermocline Figure 4.7 (a) exhibits lower salinity AAIW and remnants of
saline RSW. The AAIW illustrate minimum salinity values from 34.3 to 34.5 psu and
the RSW modifies the salinity content to about 34.7 psu saline waters. According to
Beal., et al (2006), these RSW sink as a result of excess evaporation within the Red Sea
basin and due to its high volume of approximately 0.5 Sv (Sv= 106 m−3 s−1) remnants
of these waters are traced across the equator and southern Indian Ocean and enters
the AC via the Mozambique Channel (Beal et al., 2000). The bottom and deep water
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observed in Figure 4.8 (a) include the AABW and the NADW, which potentially flow
northward within the Agulhas Undercurrent (Beal and Bryden, 1997).
2014
Comparing the water properties of the AC and ARC Figure 4.8 (b) shows distinctive
differences between the two currents notably at surface, intermediate, bottom and deep
layers. At surface layers TSW along the AC are clearly resolved with a maximum
temperature of approximately 22◦C and salinity from 35.4 to 34.5 psu. The ARC water
properties resolve well the STSW relative to the TSW. The STSW of both the AC and
ARC differ slightly with the salinity content; the ARC exhibits maximum salinity of
35.2 psu while the ARC shows relatively more saline STWS with maximum of 35.6 psu.
The SICW are also relatively different between the two currents and the difference is
possibly due to the meandering of the ARC. The major difference of the water mass
properties between the AC and ARC is observed at the intermediate and bottom layers
with high neutral densities from 27.5 to 28.5 kg/m3.
2015
The surface water masses; TSW and STSW similarly exhibit neutral densities from 24.5
to 26.5 kg/m3 as shown by the isopycnals. In Figure 4.8 (c) the STSW of the AC are
more saline relative to the AC waters as also observed in Figure 4.8 (b). Figure 4.8 (a)-(c)
altogether show an upwelling of cool salinity minimum SICW. Figure 4.8 (c) shows both
the AC and ARC intersect the 27 kg/m3 isopycnal and show similar water properties. At
intermediate layers the AAIW and remnants of the RSW are displayed with minimum
salinity content of down to 34.4 psu and salinity maximum of approximately 34.65 psu.
The NADW have a salinity maximum of 34.8 psu propagating southward with maximum
depth from 1500 to 2000 m and AABW exhibit minimum salinity of approximately 34.7
psu at bottom layers.
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4.2 How do observations of basin scale and mesoscale fea-
tures differ when using different datasets?
4.2.1 Altimetry data
Considering the SSH maps (Figure 4.1 (a)-(c)), a noticeable variation in the position of
the AC and ARC is observed. The spatial variation is observed in terms of the shifting
of the currents as a result of their dynamic nature. The ARC in 2013 is observed at
38◦S, with a relatively further spatial proximity to the AC. In 2014 the counter current
(ARC) is at close spatial proximity to the AC at approximately 37◦S and proceeds further
southward in 2015 at approximately 39◦S. Interesting to note is that the position of the
AC remains stable as its core is observed at approximately 36◦S from 2013 to 2015
with less or minimal variation. In addition to the spatial variation is the direction of
the currents, with the AC also consistently flowing relatively southwest as displayed in
Figure 4.1 (a)-(c). Conversely, the ARC exhibits change in direction from 2013 to 2015
though its structure resembles that of the AC (Boebel et al., 2003). In 2013, the ARC
exhibits a north east direction at approximately 38◦S, a parallel direction with the AC
eastward at 37◦S and northwest between 38◦ and 39◦S in 2014 due to the meander and
likewise eastward at approximately 39◦S in 2015. The superposition of the resulting
surface SADCP data indicates variability in the velocity intensity from the start (35◦S)
to the end (42◦S) of the transect. The mesoscale features; anticyclones and cyclone
observed along the transect also differ spatially in terms of size and position from 2013
to 2015 and are possibly shed from the AC and ARC (Boebel et al., 2003). Also worth
noting is that the transect successfully intersects both the AC and the ARC on all 3
occasions (from 2013 to 2015) as per motivation of the study behind the Crossroad
transect.
The AC and ARC both encounter different oceanographic processes and variability
(Rouault, 2011). The AC flows close to the shore with minimum variability observed
along the Agulhas Bank (Bryden et al., 2005; Gründlingh, 1983). Further offshore
(south) the current exhibits numerous meanders, fronts and eddies. At a spatial scale,
variability observed along the Crossroad transect exhibits different water properties of
the AC relative to the ARC. Compared to temperature, salinity measurements have
been inadequate and altogether these measurements are essential for understanding of
oceanographic processes including air sea interactions (Nyadjro and Subrahmanyam,
2015). To better understand the spatiotemporal variability along the Crossroad tran-
sect, a graphical representation of sea surface salinity derived from TSG and CTD is





Figure 4.9: A comparison of sea surface salinity using TSG and CTD datasets along
the Crossroad transect. The blue dots (red line) represent the CTD (TSG) data.
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4.2.2 Sea surface salinity (SSS) measurements from Thermosalino-
graph (TSG) data
A comparison of high resolution TSG and low resolution CTD data are demonstrated
in Figure 4.9. A variant nature of the Agulhas system is observed from 35◦ to 42◦S
considering the salinity signature in the region. The general trend exhibits a fluctuation
of salinity values along the surface. A clear distinction of the differences between the
CTD and TSG data depicts a nonlinear pattern along the Crossroad transect. The
CTD data shows data at specific station positions in blue dots while the TSG data
shows continued measurements of surface salinity data with a red line. The CTD and
TSG measurements in Figure 4.9 are obtained from an iso-surface within a depth range
of between 4 and 8 m as the CTD does not sample exactly at the surface of the ocean.
As a result of the high spatio-temporal resolution, more processes are captured using
TSG data as compared to the low resolution CTD measurements hence the ability to
observe different salinity measurements between the two datasets as seen in Figure 4.9
(a)-(c). It is worth noticing the presence of meanders and shear edge pertubations at the
inshore edge of the Agulhas Current that potentially induces localized upwelling along
the Agulhas Bank (Largier et al., 1992).
2013
The pattern illustrated by the blue dots shows variability of SSS along the transect.
The variability thereof is displayed through consistent increase and decrease in SSS. At
35◦S (AB), an increase in SSS is observed from approximately 35.4 to 35.6 psu. The
maximum SSS measurements exceeding 35.5 psu indicate the AC. Further south from
37◦ to 39◦S of the transect a slight decrease in SSS is observed with a constant variation
of SSS measurements ranging from 35.56 to 35.58 psu. A sharp decrease in SSS is also
observed with minimum SSS measurements between 34.90 and 35.1 psu also suggesting
the ARC. At 41◦S a minimum salinity measurement of 34.6 psu is observed. The TSG
SSS measurements similarly exhibit variability along the transect as shown by the red
line. Evident between 35◦ and 36◦S is an increase and decrease in SSS with measurements
from approximately 34.4 to 35.56 psu. From 36◦ to 37◦S there is an increase in SSS with
measurements from 35.25 to 35.6 psu also indicating properties of the AC and capturing
processes and events of warming and cooling as a result of the high resolution. Between
37◦ and 39◦S the SSS measurements from the CTD and TSG are in good correspondence
with constant measurements from 35.56 to 35.58 psu. TSG measurements further south
from 39◦S exhibit a sharp decrease in SSS from 35.6 to 35.2 psu. Relative to the CTD,
TSG measurements also indicate more saline water properties between 39◦ and 40◦S
with measurements ranging from 35.5 to 35.3 psu. Another sharp decrease in SSS is
observed at 40◦S to minimum SSS of approximately 34.6 psu and in addition at the
same latitude an increase is observed with SSS measurements from 34.6 to a maximum
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of 35.35 psu. A sudden increase in SSS is observed at 40◦S consequently due to the
anticyclonic eddy as identified in Figure 4.1 (a). The CTD data points however fail to
capture the signal of the anticyclonic eddy.
2014
Considering Figure 4.9 (b) a comparison between SSS using CTD and TSG is shown,
with blue dots similarly indicating CTD stations and red line indicating the TSG mea-
surements. From the AB at approximately 35◦S an increase of SSS is observed from
35.25 to 35.58 psu. Between 37◦ and 39◦S a decreasing pattern of SSS is seen with
minimum SSS measurements from 35.40 to 35.19 psu. Between 39◦ and 42◦S again
variability is noticed with SSS measurements observed ranging between approximately
35.2 and 35.4 psu. Overall the CTD SSS measurements show an increase and decrease
pattern along the transect. On the other hand, the TSG measurements similarly exhibit
variability spatially along the transect. Between 35◦ and 36◦S the red line illustrates
SSS measurements fluctuating from approximately 35.10 to 35.40 psu suggesting the
AC in Figure 4.1 (b). An increasing pattern percieved from 36◦ to 37◦S with maximum
SSS measurements of approximately 35.65 psu suggesting the ARC. Between 37◦ and
39◦S the ARC is shown in Figure 4.1 (b) and a fluctuating pattern with SSS decreasing
from 35.65 to 35.40 psu from 37◦ to 38◦S and additionally showing a constant decreasing
signal with minimum SSS of 35.4 psu between 38◦ and 39◦S. Furthermore, at the AP a
dome feature is distinguished, which is identified as an anticyclonic eddy in Figure 4.1
(b). The anticyclonic eddy exhibits an increase in SSS measurements with maximum of
34.53 psu, which is relatively higher compared to the CTD data point measured at that
latitude.
2015
Figure 4.9 (c) likewise shows the comparison of SSS between CTD and TSG measure-
ments along the Crossroad transect. Evident along the transect is a consistent cor-
respondence between the two datasets. Between 35◦ and 36◦S an increasing pattern is
observed with SSS measurements from approximately 35.20 to 35.52 psu. Both the CTD
and TSG SSS measurements show a constant signal with less SSS variation between 37◦
and 38◦S. The CTD SSS measurements are relatively higher with constant value of ap-
proximately 35.64 psu and TSG exhibits minimum value of approximately 35.59 psu. A
decrease in SSS is observed from 38,5◦S with fluctuations ranging from 35.35 to 35.56
psu. Furthermore, another decrease in SSS is observed from 40◦S and variation is ev-
ident further towards 42◦S due to the anticyclone and cyclone eddies observed as seen
in Figure 4.1 (c). Comparison of Figure 4.9 (a)-(c) shows an inconsistent agreement
between the SSS measurements collected from CTD and TSG. There are visible discrep-
ancies between the SSS measurements from both datasets. In both Figure 4.9 (a) and
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(c) considering SSS measurements from approximately 37◦ to 39◦S, there is less shear
variability along the transect as a result of the warm pool that is observed between the
AC and ARC as seen in Figure 4.1 (a) and (c). Figure 4.9 (b) however, shows that
there is more shear variability as a result of the close proximity of the AC and the ARC.
Altogether from 2013 to 2015 the CTD dataset does not provide convincing evidence of
mesoscale activity along the transect and the interannual variability will be discussed
further in the next chapter.
4.2.3 Temperature and salinity measurements from Thermosalinograph
The Thermosalinograph system was run for the duration of the voyage for the collection
of data along the Crossroad transect. An examination into the ships trajectory allowed
an evaluation of the upper water properties such as temperature and salinity; their
distribution throughout the ocean. Documented graphically in Figure 4.10 (a)-(c), the
distribution of the open ocean is apparent with the salinity signature and temperature
outlined.
2013
Figure 4.10 (a) shows predominantly the main features along the transect as annotated
(see the shear variability along the transect). A notable change in water properties is
mostly observed where the transect passes the basic oceanographic features. Both the
AC, ARC and an eddy have an in influence on the water properties. The AC has the
highest temperature measurements. Between 36◦S and 37◦S the highest temperature
is approximately 24◦C representing the AC. Between 38◦S and 39◦S the ARC exhibits
decrease in surface temperature with values from 15◦ to 20◦C. Between 39◦ and 40◦S,
likewise a notable decrease in surface temperature is seen. The general pattern indicates
that the warmer the current, the lesser the salinity. The salinity variation along the
transect also indicates warming and cooling events of the currents. The AC illustrates
less saline water properties relative to the ARC. Between 35◦ and 37◦S minimum salin-
ity measurements down to 35.4 psu are observed, while further south from 37◦ to 38◦S
there is a constant salinity signal suggesting mixing of water and also showing maximum
ARC salinity of approximately 35.6 psu. It is worth noting the influence of the eddy
from approximately 40◦ to 42◦S on the water properties along the transect. Along the
AP an increase in both hydrographic measurements are shown by the rise in amplitude.
The surface temperature of the anticyclonic eddy observed has an increase of approxi-
mately 3◦C increasing from 13◦ to 16◦C. Similarly, the salinity ehxibits an increase of





Figure 4.10: Sea surface temperature and salinity obtained from Thermosalinograph
dataset. The blue (green) line indicates temperature (salinity) and the following anno-
tations are observed AC- Agulhas Current and ARC- Agulhas Return Current.
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2014
Figure 4.10 (b) similarly illustrates varying hydrographic properties and how they are
influenced by small and large scale features along the Crossroad transect. As expected
along the AC, between 35◦ and 36◦S there is a notable increase in temperature from 18◦
to 22◦C. Subsequently, a strong gradient is observed with a sharp peak at approximately
37◦S suggesting the location point of the ARC. The TSG measurements also illustrate
a decreasing pattern of temperature from 37◦ towards 39◦S with surface temperatures
reducing from as high as 24◦ to 17◦C possibly representing subtropical surface water
mass properties. Further south along the AP an anticyclonic eddy is observed with
temperatures between approximately 16◦ and 19◦C as indicated by the rise in amplitude.
Similarly, the salinity variation of the AC exhibits less content relative to the ARC.
The minimum surface salinity measurement of AC is approximately 35.1 psu while the
maximum ARC measurements are down to 35.7 psu. The salinity of the ARC is therefore
relatively higher due to the cool temperatures. As a result of the close spatial proximity
between the AC and ARC the salinity signal captures relatively similar water properties.
The eddy is characterized by similarly increasing saline properties with a maximum of
approximately 35.50 psu.
2015
Figure 4.10 (c), in addition also constitutes of substantial variability of hydrographic
properties along the transect. The characteristics of the surface waters are distinguish-
able between the AC and ARC. In the surface temperature range between 15◦ and 22◦C,
the AC is observed from 35◦ to 37◦S. A transition between the AC and ARC is sepa-
rated by a strong vertical gradient as observed at 37◦S. Between 37◦ and 38◦S there is a
notable increase in surface temperature from 21◦ to 24,5 ◦C. Also notable between 37,5◦
and 39◦S is a constant temperature measurement of approximately 22◦C representing
mixing along the spatial proximity between the AC and ARC as also seen in Figure 4.1
(c). At 39◦S the ARC is observed with maximum surface temperature of approximately
23◦C suggesting an influence of warm tropical surface water. Changes in salinity mea-
surements are also evident in 2015 and have a potential to influence ocean density and
modify properties of various water masses. Although the variation in surface salinity
along the transect is not as high as temperature, salinity continues to provide a strong
salinity signal along the transect.
Crossroad transect 51
4.3 Are there interannual similarities and differences in
the basin and mesoscale features observed along the
Crossroad transect?
Dynamical properties such as temperature and salinity along the surface are observed.In
Figure 4.11, the interdependent components of the Agulhas system (AC and ARC) are
highlighted with the AP annotated between 40◦ and 42◦S. Sea surface temperature signal
along the Crossroad transect varies with temperature ranging from approximately 13.5◦
to 24.5◦C. An increment in surface temperature is shown from the AC from 35◦ to
37◦S. A decline in temperature is illustrated from 37◦ to 39◦S. In both 2013 and 2014,
along the AP there is a distinct increase in temperature values. The increase in surface
temperatures along the plateau was attained in response to the eddies as seen with dome
like features. In 2015 a decreasing trend is noticed along the AP. Therefore, variability
in temperature observed along the sea surface is possibly due to the north and south



























Figure 4.11: Surface temperature measurements collected from Thermosalinograph
dataset along the Crossroad transect. The following annotations are observed; AC-
Agulhas Current, ARC- Agulhas Return Current and AP- Agulhas Plateau.
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4.3.1 What are the similarities in surface temperature along the Cross-
road transect?
The interannual variability across the Agulhas system plays a defining role in determin-
ing its behavior. To assess the interannual evolution of the sea surface state along the
Crossroad transect, data collected from the TSG is considered. The interannual varia-
tions observed in Figure 4.11 represent short term interannual variability from 2013 to
2015. The graphical representation of sea surface temperature along the transect are
shown by different lines; 2013 illustrates properties in red, while 2014 is represented
by the blue line and the green line indicates the 2015 surface temperatures as shown
in the legend. Between 35◦ and 37◦S a warming pattern, suggests the transition to
warmer waters as observed with surface temperature increasing from 15◦ to 25 ◦C and
a strong temperature gradient observed at approximately 36,5 ◦S. A general pattern
of decreasing temperatures is similarly observed from 37◦ to 39◦S. A constant pattern
of surface temperature is shown between 38◦ and 39◦S. In 2013 and 2014 the surface
temperature exhibit increasing maximum temperature along the AP. However, notable
is the decreasing surface temperature at the same latitude (39◦ to 40◦S) in 2015. From
2013 to 2015 the submesoscale features are evident, with a horizontal length scale of
approximately 1 to 10 km. These features are apparent throughout the transect indi-
cating a region of high variability. They are identified as filaments and fronts and exist
within the mesoscale features as observed in Figure 4.11 (see the shear variability along
the AP). Along with the mesoscale features these patterns exhibit spatial interannual
variability along the transect from 2013 to 2015.
4.3.2 What are the differences in surface salinity along the Crossroad
transect?
The differences in surface temperature observed along the transect are mostly docu-
mented along the ARC from approximately 37◦ to 39◦S. In 2013 the surface tempera-
ture observed decrease from 24,5◦C to 16,3◦C. In 2014 a decrease in surface temperature
observed is from 24,5◦C to 17,5◦C. Lastly, 2015 exhibits surface temperature decreasing
from 24.5◦ to 21◦C suggesting altogether that the ARC is relatively warmer in 2015 as
shown by maximum temperature compared to the 2013 and 2014. Also evident along the
AP are the differences not only in surface temperature, but in the size of the mesoscale
features observed. The anticyclonic eddy observed in 2013 has relatively minimum sur-
face temperature ranging from 13◦ to 16◦C. Also notable is the size of the eddy with
a large spatial proximity of more than 150 km. In 2014 maximum surface temperature
ranging from 16◦ to 19◦C are observed along the anticyclonic eddy with a relatively small
spatial proximity of approximately 100 km. In 2015 however, the surface temperature
illustrates a decreasing pattern from approximately 19◦ to 13,5◦C.
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Figure 4.12: Surface salinity measurements collected from Thermosalinograph dataset
along the Crossroad transect. The following annotations are observed; AC- Agulhas
Current, ARC- Agulhas Return Current and AP-Agulhas Plateau.
The salinity signature observed along the Crossroad transect is similarly subject to
variability although more consequential relative to temperature, due to its conservative
property. The salinity measurements along the transect are less varied. A notable
distinction as seen in Figure 4.12 is the difference between the AC and ARC. The ARC
exhibits more saline surface waters relative to the AC. The difference is possibly due
to temperature differences between the currents. Anticyclonic eddies in the southern
hemisphere are characterized by warm temperature, therefore as a result of the presence
of the eddy observed along the AP warmer surface waters are observed ranging from
13◦ to 19◦C. Along the AP, in the years 2013 and 2014 the salinity content is relatively
higher than in 2015 where a declining pattern is observed. The eddy distinguished in
the year 2013 is less saline and more broad compared to the eddy observed in 2014
(see Figure 4.12) . In 2015 the spike observed at approximately 35.2◦S represents an
incorrect data. Such data can be corrected using software such as QTSG. The large dome
shaped patterns represent mesoscale features and the small shear variability denotes
submesoscale features. Essentially, the mesoscale variability is observed through the
salinity and temperature observed along the transect. The graphical representations
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observed in both Figure 4.11 and Figure 4.12 document different spatial and temporal
differences interannually from 2013 to 2015.
Chapter 5
Discussion
The basin scale circulation around the Crossroad transect is encompassed of complex
ocean features and is well known for its dynamic nature. The study will also closely
examine mesoscale variability across the Crossroad transct. In examining the basin scale
and mesoscale variability across the Crossroad transect, the following key questions will
be addressed:
1. What basin scale circulation features do we observe across the Crossroad transect?
2. How do observations of basin scale and mesoscale features differ when using different
datasets?
3. Are there interannual similarities and differences in the basin scale and mesoscale
features observed along the Crossroad transect between 2013 and 2015?
5.1 What basin scale circulation features do we observe
along the Crossroad transect?
The Agulhas Current System is an oceanic system consisting of different characteristics
that fundamentally allows for a broad observation of both spatial and temporal variabil-
ity for the benefit of scientific communities. In an attempt to understand and analyze
the basin scale circulation across the transect, the following features are evident, namely
the main interdependent components such as the AC and ARC. The core of features
are also highlighted using altimetry data, providing an ideal opportunity to study their
path and variability. The northward and southward shifting of the ARC observed in
the years 2014 and 2015 as shown Figure 4.1 (b) and (c), contribute to the overall pole-
ward shifting of the Agulhas Current System (Beal et al., 2011). The AC and ARC
also demonstrate a change in latitudinal position from 2013 to 2015. In 2013, the AC
(36◦S) was approximately 270 km apart from the ARC(38◦S). In 2014 a northward shift
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is observed with the ARC (37◦S) at close proximity, approximately 70 km to the AC.
Similar to 2013, the ARC is observed further south at approximately 39◦S. Previous
studies show that the impact of the shifting current plays an important role in strength-
ening the AMOC (Beal et al., 2011; Yang et al., 2016). The variability in the strength of
the Agulhas Current has also been observed with maximum velocity exceeding 2.5 m/s,
as initially shown by previous research studies (Lutjeharms, 2006; Morris et al., 2017).
The mesoscale features, such as eddies and meanders are also identified. It is worth
noting that although the Crossroad transect is situated at the same position annually, it
may intersect different positions of these mesoscale features as a result of their transient
nature and ocean dynamics of the ACS. Furthermore, these ocean features influence
the oceanic conditions south of Africa, hence the need to understand their nature. The
mesoscale variability occurs as linear planetary waves and as non linear vortices, which
potentially transport momentum, heat, mass and chemical constituents of seawater,
therefore contributing to the general ocean circulation, large scale water mass distri-
butions and ocean biology (Robinson, 1983). The mesoscale activity that occurs along
the Crossroad transect is also important because the eddies found in this region carry
water masses that have different water properties from their surrounding and enhance
mixing as they dissipate (Gamoyo et al., 2017). Previous knowledge has shown how the
intensification of these features has an influence downstream. Although the Agulhas
Retroflection and leakage do not form part of the Crossroad transect, considering the
basin scale features these components may provide a better overview of the potential
impacts on the southern african climate system. Moreover, previous studies have also
highlighted the thermohaline contributions of the leakage to the AMOC through the
Indo- Atlantic exchange (Beal et al., 2011; Gordon 1986; Van Sibille et al., 2009).
The water masses presented in this study exhibit substantial ocean circulation variabil-
ity based on observational data. Ubfortunately the water mass properties cannot be
concluded from the altimetry data, hence the need for in situ data to understand better
the variation in water mass distribution along the Crossroad transect. However, the
results indicate from both the altimetry and in situ products a similar general pattern
in the varying position of the AC and ARC along with the associated mesoscale features.
The altimetry data has successfully demonstrated the variant nature of the ACS along
with its associated surface properties. Figure 4.1 (a)-(c) altogether display an overview
of the basic salient features across the Crossroad transect and sea surface height is used
as a proxy to evaluate the mesoscale variability in the region. Having identified the
basin scale features along the transect, it is moreover important to understand both
spatial and temporal variability. Considering the SSH diagrams as displayed in Figure
4.1 (a)-(c), it is notable that submesoscale features are not well resolved or identified on
the ocean surface as a result of their horizontal length size (1 km). Thus, the challenge
in accurately measuring these features with low resolution satellites (McWilliams, 2006).
Nonetheless, different oceanic observations as seen from Figure 4.1 to Figure 4.8 resolve
well the salient oceanographic features along the transect using different data products
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from surface to subsurface layers. Therefore, the main objective, which is to illustrate
the importance of each product in highlighting the processes associated with the ACS.
Altogether, the altimetry and in situ products exhibit the spatial and temporal variabil-
ity of the ACS. The altimetry data however, has demonstrated more variation across
the transect, enabling a broader context of the basin scale features associated with the
ACS and providing more understanding of the WBC and its trajectory south of Africa.
In identifying the basin scale features along the transect, variation in velocity, geostrophic
velocity, temperature and salinity at both surface and subsurface are well resolved. A
combination of these variables contribute to the understanding of different oceanic ob-
servations including small and large scale ocean circulation and climate change around
South Africa and globally. Interesting to note is the surface velocity variation observed
in Figure 4.2. In comparison to Figure 4.2 (a) and (c), Figure 4.2 (b) illustrates an abun-
dance in surface velocity measurements. The cause of the variation in relation to the
different years is to date not well known, however different processes including upstream
events resulting from the sources of the Agulhas Current may have a contribution to the
ocean variability in this region. It is also important to have different visual representa-
tions of velocity along the Crossroad transect in order to understand both surface and
subsurface variations, including velocity influenced by the balance between pressure gra-
dient and Coriolis force (geostrophic velocity). The magnitude of surface velocity of the
AC and ARC have been quantified as seen in Figure 4.2 (a)-(c). Different components
of surface velocity have been observed including both the zonal and meridional velocity,
which altogether illustrate the current intensity and velocity structure throughout the
vertical column from near surface to 500 m. Similarly, the geostrophic velocity observed
in Figure 4.6 reproduce well the basin scale features along the Crossroad transect. How-
ever, relative to the velocity measurements observed in both Figure 4.2 to Figure 4.5,
Figure 4.6 illustrates geostrophic velocity from near surface to a maximum depth of
approximately 2000 m. Overall, the velocity measurements complement each other and
highlight the main features of the ACS. To ireterate, the altimetry data highlights the
main components of the ACS without demonstrating the complexity in the system and
therefore allows some insight on its global ocean circulation role. In addition, although
the domain has been reduced to show the main features of the ACS it is clear that
the system has an influence from its upstream sources, such as the South Equaitorial
Current, East Madagascar Current and Mozambique Channel.
5.2 How do observations of basin scale and mesoscale fea-
tures differ when using different datasets?
Previous knowledge demonstrates the importance of understanding different oceano-
graphic scales and the role of the ACS (Bela et al., 2011). For example, Lutjeharms
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(2006) conveyed the Agulgas Current as a WBC primarily driven by large scale pat-
tern of wind stress. Observations of basin scale and mesoscale features, differ in size
from one dataset to another and are similar in terms of illustrating the predominant
structure of the ACS. These exclude the Agulhas Retroflection and leakage as the focus
of the study is based along the Crossroad transect. Although the observations show a
similar predominant structure of the ACS, different interpretations depending on the
type of dataset and variable analyzed are observed. These include the altimetry data in
Figure 4.1, which shows the structure of the ACS through sea surface elevation (SSH).
The variation of SSH from 2013 to 2015 is observed and a good correspondence be-
tween the SSH and surface ADCP data is highlighted. The mesoscale features are also
observed in Figure 4.1 and altogether the anticyclonic and cyclonic features differ in
size and as transect intersects these features at different positions each year. Figure
4.1 also highlights the importance of variability through the trajectery of the Agulhas
Current, allowing migration of water from the Indian Ocean to the Atlantic Ocean on
a spatial scale, which is not well defined on other in situ products. Nonetheless, the
in situ datasets compliment the altimetry data as more understanding on water mass
distribution is provided. The velocity plot shown in Figure 4.2 resolves well both basin
and mesoscale structures and both features are quantified. The magnitude of surface
velocity (0-2.5 m/s) is outlined and maximum surface velocities are observed between
35◦ and 37◦S. Similarly high variation in surface velocity is observed in 2014 relative
to 2013 and 2015. Highlighted from Figure 4.3 to 4.5 are vertical sections of velocity
measured from SADCP data. Relative to Figure 4.2 these diagrams exhibit both the
zonal and meridional components of velocity. However, the mesoscale features are not
well resolved in comparison to the surface velocity observed in Figure 4.2. The oppo-
site occurs in Figure 4.7 where geostrophic velocity measurements are observed. The
mesoscale features are well resolved in Figure 4.7 (a) and (b). In comparison to Figure
4.9, Figure 4.10 illustrates both SSS and SST along the Crossroad transect, providing
an overview of the surface variation of both basin and mesoscale features. Figure 4.9,
through the use of CTD data also highlights the gaps missing when comparing different
resolution datasets. SWOT mission envisions providing 2D SSH at a spatial resolution
ten times higher relative to conventional altimeters, although with a lower temporal
resolution from 10 to 20 days. In doing so the aim is to provide snapshots of small scale
variability within the swaths, assuming the spatial resolution is sufficient enough to re-
solve small scale features. In defining variability on both spatial and temporal scales
along the Crossroad transect, it is important to note that over 99% of the kinetic en-
ergy of ocean currents is associated with variable mesoscale features (Munk, 2000). The
kinetic energy of these mesoscale variability, which has scales of 10 to 100 km and 10 to
100 days, is more than an order of magnitude greater relative to the kinetic energy over
most of the oceans (Wyritki et al., 1979; Richardson, 1983). In addition, Munk (2000),
put forward that at the opposite end of the general ocean circulation, the microscale
exists (from millimeters to centimeters) where energy is irreversibly converted to heat
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(Ferrari and Wunsch, 2009). Therefore, the scale at which these energy processes occur
should not be underestimated because they are small.
In essence, the submesoscale motions have a potential impact on mesoscale variability
providing a much richer variety of dynamical regime (Klein et al., 2015). These mesoscale
and submesoscale variability and its associated eddy fluxes and vertical exchange play an
important role in ocean circulation dynamics and physical biological coupling (Klein et
al., 2015). Variability along the Crossroad transect was defined by the variant mesoscale
and submesoscale features. Using altimetry data (Figure 4.1 (a)-(c)) the mesoscale
features identified include cyclonic and anticyclonic eddies and the meandering of the
ARC. These mesoscale features are different in terms of their form, structure and are
transient in nature. The submesoscale on the other hand is identified as flow structures
with length scale range of between 0.1 and 10 km (McWilliams, 2006). These features
are not observed using altimetry data (SSH) due to the limited low spatial resolution
(1/4◦ x 1/4◦). A detailed study of these features will also improve our knowledge on
the mean variability of the ACS (Rouault, 2011). The in situ data collected using TSG
clearly exhibits these features along the surface as shown in Figures 4.11 and 4.12.
Temperature is a thermodynamic property of a fluid and it changes as a result of pro-
cesses such as heating, cooling and diffusion. Salinity, on the other hand varies due to
an addition or withdrawal of low saline water, thus altering the dilution of salts (Tally
et al., 2011). Considering air-sea interactions, solar heating and wind are proven the
main drivers of evaporation from the surface of the ocean to the atmosphere leading to
an increment of salinity in a defined volume of sea water (Yu, 2011). The AC also pro-
duces high latent heat fluxes and transports moisture to the atmosphere (Rouault et al.,
2003b). The salinity signature thus provides an indication of the hydrological balance
between the atmosphere and ocean, and most importantly can be used for the reduction
of uncertainties in surface lower salinity water flux estimates in the ocean rain gauge
regime (Köhler, 2015). Consequently, variations of sea surface salinity are an expression
of changes in low saline water transports (Köhler, 2015). Altogether temperature and
salinity variations as seen in Figure 4.8 have a great influence on the density of seawater
and the entire ocean circulation across the Crossroad transect. In addition, the salin-
ity variations are a consequence of a changing ocean circulation as a result of vertical
mixing processes and associated salt exchanges between surface and sub surface layers.
It is worth noting also that the hydrographic variation along the transect is essential as
it provides a better if not broad view of the vertical structure, surface and subsurface
circulation as a result of the available observational data presented.
Yu (2011), describes that salinity distribution at the surface changes in response to the
spatial and temporal variations in the net surface freshwater flux. Another important
factor that influences salinity variation and distribution is horizontal advection by ocean
currents (Köhler, 2015). Salinity has historically been known as one of the most under
sampled properties resulting in an elusive detailed knowledge of the long term ocean
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salinity variability. Considering Figure 4.7, the variation along the Crossroad transect is
also documented east of the south coast by the intense southward flow of the AC and the
variant meandering of the zonal ARC. The change in position of the ARC also indicates
the dynamic nature of the current. On the vertical cross sections of temperature and
salinity the effect of the AC and ARC on the water column changes from one year to
the other, which suggests an influence of the currents on the water properties as seen in
Figure 4.7 (a)-(f). Upwelling of cold waters are observed close to the coast as depicted by
the distribution of isotherms in Figure 4.7 (a)-(c). This uplift introduces cold nutrient
rich SICW (Figure 4.8) waters on the shelf (Agulhas Bank). Understanding the different
water properties along this region is important as it supports approximately two-thirds
of the Cape Anchovy spawner population. In addition, it is home for a majority of
diverse fish species (Hutchings, 1994; Roy et al., 2007) and has potential ecological and
economic benefits for South Africa. The SICW have temperature and salinity range
of 8◦ to 13◦C; 34.8 to 35 psu, which coincides with the SICW as classified by (Emery,
2001). Variations in water properties are well resolved as seen in Figure 4.7 (a)-(f), which
are attributed to the nature and distribution of water masses. In addition, upwelling
observed along the AB results in cooling of surface waters, which is effectively substantial
for the growth, decay and instability of ocean fronts and filaments (Shillington, 2006).
Despite the temperature and salinity changes from one year to another along the surface,
different water masses similarly exhibit the tendency of varying hydrographic properties
at deep layers. Furthermore it is worth noting that from Figure 4.1-4.8, the submesoscale
features are not well resolved relative to Figure 4.9-4.12.
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5.3 Are there interannual similarities and differences in
the basin and mesoscale features observed along the
Crossroad transect between 2013 and 2015?
Results altogether indicate a pattern of increasing variability across the Crossroad tran-
sect, which occurs also as a result of the influence of the subtropical gyre and other
upstream events relating to sources of the ACS (Shillington, 2006; Lutjeharms, 2006).
Altimetry data, as seen in Figure 4.1 (a) and (b), indicates that the years 2013 and 2014
are predominantly dominated by mesoscale features. The transect intersects different
mesoscale features in different years. Also interesting to note is the meandering pattern
of the current in the year 2014, which is indicated by an S shape. The nature of this
mesoscale feature can be attributed to the dynamic trajectory of the AC and possible
varying current intensity from 2013 to 2014. With numerous differences in mesoscale
features observed along the transect, the area continuously remains largely variable, dy-
namic and complex. Furthermore, the transect intersects both the basin scale features
including the mesoscale features as illustrated in Figure 4.1 (a)-(c). Also to note is that
the transect intersects mostly the anticyclonic features relative to the cyclonic features.
The distinction between the three years is evident with the years 2013 and 2014 (Figure
4.2 (a) and (b)) indicating eddy features further south along the AP. The intensity of
velocity along the plateau (from 40◦ to 42◦S) ranges from 0 to 0.7 m/s in 2015 (Figure
4.2 (c)) where the transect intersects the eastern edge of cyclonic and anticyclonic ed-
dies. The maximum surface velocity measurements in mesoscale activity are observed
in 2013 and 2014 with a velocity range from 0 to 2.4 m/s in 2013 and 0 to 1.3 m/s in
2014 as seen along the AP. In addition, Figure 4.2 (a)-(c) both highlight the basin scale
and mesoscale features with high variability in velocity. The direction of the currents
varies from one year to another as documented from Figures 4.3 to 4.5.
Considering the vertical cross sections in Figures 4.3 to 4.5, the intensity of the currents
vary both zonally and meridionally from near surface to depths of approximately 500
m. In addition, these figures suggest that the intensity of velocity decreases from north
to south (35◦ to 42◦S) according to the position of the currents. Therefore, a notable
difference in the direction of the currents is observed from Figures 4.3 to 4.5 where
the meridional and zonal components of velocity are displayed. The general trend in
the morphology or structure of the AC and ARC is captured with the AC´s trajectory
flowing south west of the east coast of southern Africa and the ARC remaining zonal
with varying meandering patterns as seen in Figure 4.1 (a-c). Similarly, the flow of the
AC and ARC is well resolved using geostrophic velocities as observed in Figure 4.6 (a-
c). The high velocity shear including the meandering fronts motivate mixing of different
water mass properties in the Agulhas system region (Emery, 2001).
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The circulation of the ocean is a result of the balance between different forces. And the
frictional force is the most important force in the vicinity of ocean boundaries, but lim-
ited in the ocean interior relative to the pressure gradient (Tomczak and Godfrey, 2001).
The balance between Coriolis force as a result of the rotation of the earth and pressure
gradient force is known as the geostrophic flow. In a fluid dominated by rotation, the
flow is called geostrophic and is perpendicular to the pressure gradient force encircling
centers of low and high pressure as a result of the Coriolis effect (Tally et al., 2011).
Figure 4.6 (a)-(c) illustrates the geostrophic flow along the Crossroad transect. The
geostrophic flow of the jet is more intense inshore at approximately 36◦S and further
offshore at approximately 38◦S for different years (from 2013 to 2015). The direction of
the flow of the AC is negative (south) while the direction of the ARC is positive (east)
as expected and corroborated by the altimetry data in Figure 4.1 (a)-(c).
In Figure 4.8 a notable similarity between the AC and ARC is the distribution of the
types of water masses at all layers (surface to deep layers) with the exception of inter-
mediate layers. The CTD and TSG measurements in Figure 4.9 are obtained from an
iso-surface within a depth range of between 4 and 8 m. A comparison of SSS using
CTD and TSG data shows variability along the Crossroad transect. The main purpose
of Figure 4.9 is to document the data missing when sampling using CTD instruments.
Accuracy of the data collected from CTDs is not provided by the resolution of the CTD,
but by the CTD measurements when calibrated. Inconsistency and inacuracy of these
measurements is based mainly on the interpretation during data analysis. The same
occurs with TSG data. There is a need for finer scale resolution data such as TSG. This
allows analysis of small scale features along the Crossroad transect and allow accurate
and concrete examination of ocean circulation conditions and processes. The importance
of the study is to indicate that small scale features are ubiquitous and knowledge of this
features is important for understanding the Agulhas system.
The interannual differences observed along the Crossroad transect are also documented
in Figure 4.10 (a)-(c). These differences suggest an influence of eddy features on the
water mass properties. This means that the sea surface temperature is expected to be
lower in the absence of warm anticyclonic eddies along the AP and thus the presence of
eddies have an influence on water properties such as temperature and salinity (Figures
4.11 and 4.12) along the transect. What is novel and appreciative, however is the
extent of the variability observed interannually in both the hydrogaphic, current and
altimetry datasets. This study resolves well how each dataset potentially gives more
detail about the other datasets, providing a more comprehensive view of the ocean
dynamics governing the ACS and suggesting a link and a complementary relationship
between different datasets. The results overall confirm the predominant structure of
the ACS including the dynamics associated with its sources and mesoscale features
observed along the Crossroad transect. This was done by analyzing different datasets
that highlight an overview of the ACS with scales and resolutions. The study has
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therefore explored different basin scale features using different observation tools and
most importantly how these components are distinct from time to time. The study has
also addressed the minor limitations associated with some of these datasets.
Chapter 6
Conclusion
The overarching aim of the thesis was to understand the variability across the Crossroad
transect by answering the following key questions:
1. What basin scale circulation features do we observe across the Crossroad transect?
2. How do observations of basin scale and mesoscale features differ when using different
datasets?
3. Are there interannual similarities and differences in the basin scale and mesoscale
features observed along the Crossroad transect between 2013 and 2015?
In an attempt to gain a better perspective about the variability across the Crossroad
transect, the study brings together the altimetry data from AVISO along with the in
situ observations from different products. The coupling of these products highlighted
important ocean dynamics across the Crossroad transect. Perharps most important, the
spatial and temporal variation within the system. The study outlines the importance of
understanding the decisive role played by basin scale and mesoscale features on a local,
regional and global context. These include their spatio-temporal variant nature and
impact on the ocean circulation. Despite the limitations, this study provides more insight
on the regional importance of the Agulhas Current and its return flow. Considering
different scales, our planet´s climate is also subject to changes in response to natural
variability, hence the need to bring different observation tools to get a clear perspective
of how the world will potentially be impacted (Wu et al., 2013). Previous studies have
also shown a link between the large scale climate modes such as the Indian Ocean Dipole
and El Niño Southern Oscillation (ENSO) with variability in the southwest Indian Ocean
(Schouten et al., 2002; de Ruijter et al., 2005). With that being said, climate change has
a potential of intensifying the hydrological cycle, which further affects the atmospheric
water vapor concentrations, stream flow patterns and precipitation patterns leading
to the intensification of drought and floods (Allen and Ingram, 2002). Reason et al.,
(2006) similarly contend that southern Africa is susceptible to these pronounced floods,
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droughts and climate variability at different timescales. This has a potential impact
also on the capacity of individuals, communities, institutions, businesses and systems to
adapt to such perturbations. Consequently, these climate change factors have a great
impact on society (Köhler, 2015). Sweijd et al., (2015) explained the variability of
climate dynamics in terms of frequency and intensity and, as a result of drought, local
regions such as Western Cape are affected by water shortages where major water reserves
are being severely depleted. Considerable variability is also evident through continual
observations (though limited) along the Agulhas Current system (Hermes et al., 2007)
on both spatial and temporal scales and constant monitoring in this region is necessary.
Although progress has been achieved in the last two decades in characterizing and ana-
lyzing different ocean fields using both altimetry and in situ data, our understanding of
mesoscale and submesoscale dynamics remains incomplete. Furthermore, the associated
practical problem of both understanding and predicting eddy fluxes of heat and other
material properties remain unsolved (Klein et al., 2015). The need for repeated global
observations at finer spatial and temporal scales is essential. The variable, dynamic and
complex circulation associated with the ACS continues to provide a natural laboratory
for exploring the potential and limitations of both satellite and in situ observations.
The study has therefore managed to improve the characterization of both basin scale
and mesoscale variability by examining the dynamics that govern variability across the
Crossroad transect. This was done by considering salient features of the Agulhas system,
including the Agulhas Current and dynamics associated with its sources. The patterns
of this system needs careful attention and continuous monitoring.
The Crossroad transect as the name suggests, forms a cross road as it passes through the
Agulhas Current and Agulhas Return Current. For this reason the Agulhas Retroflec-
tion and leakage do not form part of the monitoring route and were not considered as
part of the data analysis. Although they do not form part of the route, understanding
their contribution to the overall ocean circulation has been highlighted through altime-
try data. Their role on the Agulhas system has also been investigated (Beal et al., 2011).
In addition this study focused on the flow regime of the Agulhas Current as it forms an
integrating system through the inter ocean exchange between the Atlantic and Indian
Ocean (Boebel et al., 2003) and principal pathways of water mass exchange within the
wide basin scale (Benny et al., 2015). This study has provided knowledge on the vari-
ability along the Crossroad transect by comparing different datasets, although extensive
uncertainties and contradictions were identified (Rouault et al., 2009; Van Sebille et al.,
2009). This includes defining both mesoscale leading to submesoscale features and their
importance and contribution towards the ocean circulation.
The findings of this study include the altimetry and in situ datasets that are compa-
rable in terms of highlighting variability along the Crossroad transect. Lutjeharms,
(2006) highlighted the complex ocean conditions associated with the Agulhas Current
system and this study confirms the ocean dynamics related to the Crossroad transect.
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Equally important to note is the good correspondence observed between the altimetry
and SADCP data, which suggests that in future a synergy of different datasets is ben-
eficial for the comprehension of complex ocean systems and recommended for studies
both related and unrelated to physical oceanography. The different datasets used in this
study produced different results, resolving both large scale, mesoscale and submesoscale
features. This may be due to the different resolutions that are able to capture the sub-
mesoscale variability, while others could not. The TSG data however was able to resolve
well the submesoscale features. This also shows that it is imoprtant to understand dif-
ferent spatial and temporal resolutions in defining ocean variability along the Crossroad
transect.
Evidence shows that the region along which the Crossroad transect exists is subject to
a large number of mesoscale and submesoscale features dominated by shear boundary
processes such as meanders, eddies and break away filaments (Lutjeharms et al., 1981),
which differ on a spatial and temporal scale. The measurements obtained from SADCP
data are well resolved and demonstrate the expected fast flowing western boundary
current (Lutjeharms, 2001); the AC with velocity measurements of down to 2.4 m/s.
Altogether, the careful considerarion of in situ and satellite data suggest that the Cross-
road transect is dominated by transient basin scale, mesoscale and submesoscale fea-
tures. In an attempt to understand the variability across the Crossroad transect using
hydrographic data, the study also considered the basin scale circulation, how observa-
tions differ when using different datasets and an interannual outlook on both similarities
and differences of these features was analyzed. The predominant basin scale features
observed along the transect include the Agulhas Current and Agulhas Return Current.
An implicit limitation of the study lies in the low resolution CTD data that is unable to
resolve well some of the submesoscale features due to limited spatial coverage. The aim of
the study was to show that sufficient data is uncaptured and often overlooked when using
low resolution CTD data. Comparing the high resolution TSG dataset with CTD data,
innumerable submesoscale features including fronts and filaments are identified, making
TSG data more efficient in resolving small scale features along the Crossroad transect.
The fronts identified are also known to have an influence on the biomass of phytoplankton
by introducing nutrients from different water masses (Swart et al., 2012). Therefore, a
recommendation would be to intentionally focus on the submesoscale features as these
small scale features also contribute to the overall global ocean circulation. In addition,
data collection for the Crossroad transect takes place annually (April-May) through
the Marion Island voyage, therefore oceanographic observations are not enough as no
seasonal record is provided.
Although the study has dealt with the initialization of a valuable and broader inves-
tigation into the variability in basin scale and mesoscale features across the Crossroad
transect, more work still needs to be done to fill in the uncertainties in this region. In
addition, it is worth noting that the water masses associated with the AC should be well
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understood as they play a crucial role in influencing the primary productivity that oc-
curs along the Agulhas Bank. The cold nutrient-rich SICW upwelled onto the shelf play
an important role in the spawning of various fish species such as Cape Anchovy (Van
der Lingen et al., 2001). Therefore, the effect of the AC not only on the shelf, but also
throughout the vertical water column south of Africa must be monitored. Spatial and
temporal processes relating to the Agulhas system have been highlighted to demonstrate
the importance of this system for the future scientific community.
6.1 Future Research
The role played by eddies across the basin scale is important. Further research on
their properties is essential including their lifespan and retention time, translation speed
(trajectory), eddy scale (size or dimension), eddy rotational speeds and eddy vertical
structure. These can be conducted through satellite derived altimetry data and high
resolution model simulations using an eddy automated detection scheme (Collins et al.,
2014). It is worth noting that the procedure for an eddy detecting scheme requires a
longer time series and the Crossroad transect data used in this research consists of three
years of data, which is already noted as one of the limitations of the study. However,
for future research once this region has enough seasonal datasets, consideration for eddy
detecting is highly recommended. Thus, the need for advancement and development of
ocean observations is necessary including collaborations of different ocean disciplines. It
is therefore advisable for potential academics across South Africa and globally to unite
and investigate measures that will fill the continual spatio-temporal gaps (Collins et al.,
2014). In addition, although countless challenges are inevitable in the ocean science
community, these advances are further required in public awareness campaigns of the
ocean environment and climate (Dickey, 2003). Formulation, accuracy and efficiency
of data assimilative ocean models are required across the Crossroad transect for the
validation of interdisciplinary observational data (Dickey, 2003; Hermes et al., 2006).
Incorporation of ocean models such as Regional Ocean Model System (ROMS) in this
study is also recommended.
Seasonal variability is necessary to improve current knowledge on the Agulhas sys-
tem given that the study focused on the spatio-temporal variability of both basin and
mesoscale features. The inclusion of Lagrangian methods is important as they provide
solutions to the challenges, which have a major impact on risk management processes
such as control of pollution dispersion (Hernández-Carrasco et al., 2011). Additionally,
they also provide sufficient information on ecosystem analysis that include, but not lim-
ited to tracking nutrient mixing and transport and identifying the role of horizontal
mixing in primary productivity. Altogether these Lagrangian techniques advance nec-
essary information about the energy exchanges that influence the upper ocean and will
assist in the full comprehension of processes that drive the global change in the oceans
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(Hernández-Carrasco et al., 2011). An investment in sufficient computational resources
promises a better assessment tool of the transport role played by mesoscale eddies in
the local, regional and global ocean circulation and climate (Beron-Vera et al., 2013).
There is no evidence of high resolution glider data to infer on the biogeochemical mea-
surements that influence the mesoscale and submesoscale features along the Crossroad
transect and this essentially remains one of the limitations of the study as mentioned
in Chapter 1. A complete understanding of the behaviour of the basin scale, mesoscale
and submesoscale dynamics requires as well more comprehensive observing systems, the
kind that extends across neighboring ocean basins. Such a system may include not
only Argo floats, gliders and satellite data that are limited to the upper ocean, but also
moored instruments that encompass the full depth ocean column (Ansorge et al., 2014).
Therefore, this study also recommends the inclusion of gliders and Argo floats along the
Crossroad transect to fully understand the volume transport, water mass exchange and
other oceanographic conditions that are associated with the Agulhas Current system.
Model experiments with advanced forcing and observational evidence over a wider time
frame and a wider domain are also necessary for the comprehension of the ocean circula-
tion across the Crossroad transect. In addition, an integration of both model, altimetry
and in situ datasets will assist in playing an integral role towards a quantitative un-
derstanding the ocean atmosphere interactions and ocean circulation affecting the ther-
mohaline circulation (Backeberg, 2009). It is interesting to note that the anticyclonic
eddies observed along the transect indicate slightly different surface water properties
relative to the surrounding waters thus having an influence on the density in the region
(Maes et al., 2014). In addition, eddies also play a potential vector role in transport-
ing planktonic larvae and water masses (Braby, 2014). Furthermore, understanding the
ocean circulation around the Crossroad transect is essential and will benefit future stud-
ies that monitor both the Atlantic and Indian Ocean and other potential projects that
monitor routes such as the South Atlantic MOC Basin wide Array (SAMBA), Agulhas
System Climate Array (ASCA) and GoodHope line. Although the Agulhas Current and
Agulhas Return Current do not intersect the aforementioned monitoring lines (SAMBA
and GoodHope line), mesoscale features occluded from these currents have an influence
on the water properties associated with these transects (Faure et al., 2011).
Future research should therefore aim to explore the interactions, dynamics and ecosystem
implications that are established by both mesoscale and submesoscale features across the
Crossroad transect. An understanding of the interstitial or frontal flow between eddies
is also required. Although more work still needs to be done, this study has shown the
importance of understanding the nature of processes that are affected by both temporal
and spatial scales and how they differ using different observing systems as summarized
in Figure 2.1. To recapitulate, in view of the impact that small scale features have on
the ocean circulation across the Crossroad transect, as also suggested by recent ocean
model studies (Halo et al., 2014, Backeberg et al., 2012; Weijer et al, 2002), it seems
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consequential to advance studies of the nature of complex connections with large scale
ocean circulation brought about by eddies south of Africa. Therefore, using 3 years
of hydrographic data across the Crossroad transect, has led to an appreciation of the
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